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Abstract
Despite the crucial role that membrane proteins have in the biological field, the
study of their structure is still a challenge for the scientific community. An obsta-
cle is the dependency of their functional structure on the surrounding conditions.
In the last decade a new platform involving poly(styrene-co-maleic acid) (SMA)
copolymers has been developed for the extraction of membrane proteins without
using any detergent into discoidal structures, referred to as nanodiscs. Never-
theless, even though progress has been achieved using this method, limitations
of this system are the insolubility of the polymer at pH lower than 8 and the
complexation of the acid groups in the presence of divalent cations. The poly-
mer is also produced via an uncontrolled free-radical polymerisation route which
means it has a polydisperse and random structure, making it di cult to correlate
properties of the polymer with the structures of the nanodiscs.
In this project new styrene maleimide copolymers, soluble at pH lower than SMA,
were investigated for their potential in forming stable lipid structures. Character-
isation of their architectures was carried out using mainly scattering techniques.
The stability of these structures were studied in the presence of divalent cations
such as CaCl2 and at low pH.
Moreover, SMA copolymers were synthesised with a narrow distribution of molec-
ular weights and well defined architecture using a controlled radical polymerisa-
tion method. This demonstrated that the size and stability of the nanodiscs could
be tuned directly via control of polymer structure. To achieve supramolecular as-
sembly at a wider pH range, zwitterionic copolymers were also synthesised and
their structures characterised.
The mechanism and kinetics of the polymer insertion into the lipid monolayer
and the polymer self-assembly around the lipid tails as nanodiscs formed were
II
investigated using several techniques such as fluorescence, small angle neutron
scattering and neutron and X-Ray reflectivity. The mechanism of disc formation
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Chapter 1
Introduction
1.1 Soft matter and nano structure
The prefix “nano” comes from Greek “⌫↵⌫⌫! ” which means “dwarf”; in the
international metric system, nanometre (nm) corresponds to 10 9 m. The term
and concept of nanostructure comes from Richard P. Feynman, an American
Physicist, who, in his Nobel prize speech 1959, introduced people to the idea
that in the future it would be possible to compress machine engineering into
smaller and smaller scales yet with higher and higher performance [9]. With
the term nanotechnology we mean the techniques and the methods that allow
us to handle matter on atomic and molecular scales, and is applied from hard
condensed matter through to soft matter to define structures and devices on
the nanometre length scale. Pierre-Gilles de Gennes, who won the Nobel Prize
in 1991, is the “father” and the inventor of the term soft matter. Before this
scientists used to refer to this kind of material as a “complex form of matter”
and prior to this was used “complex fluid”. He introduced this new term for
two reasons: firstly, not of all the systems studied are liquid and, secondly, so
that students would not be scared by the word complex. He highlighted the two
major features of soft matter: the complexity and flexibility [10]. When we talk
about soft matter we include a wide range of materials, which includes liquid,
colloids, polymers, foams, gels, granular materials and biological systems. All of
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these systems have the characteristic that they can be easily deformed by thermal
stresses or fluctuations. This is due to the energy that the system is bonded with,
which is comparable to kBT, where kB is the Boltman’s constant and T is the
temperature. In fact the kind of interactions involved are electrostatic, Van der
Waals, hydrophobic and hydrophilic interactions. The advantage of soft matter,
such as a polymer, is that a small change in the chemical conditions can cause
a very large change in the mechanical properties [11]. It is the templating or
creation of a nanostructure through modification and interactions of polymers
and phospholipid aggregates which form the basis of the work in this thesis and
will be further discussed in section 1.2.
1.2 Phospholipid aggregates and protein char-
acterisation
Phospholipids are amphipathic molecules which have a hydrophobic or non-polar
region and a hydrophilic or polar region (figure 1.1).
Figure 1.1 (a) Chemical and (b) simplified representation of a
structure of a phospholipid and (c) their assembly in a bilayer.
Green regions correspond to the hydrophobic lipid tails and blue
regions are the hydrophilic headgroups
When phospholipids are dispersed in water, or in any polar environment, they
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arrange in a way that minimises the tail-water interaction. The contributions
from both entropy and energy interactions play a key role in this self-assembly
process. Entropy will drive the system to a random distribution of molecules,
whereas the energetic interactions among neighboring molecules will bring them
closer together, which can result in a phase separation or in multi-phase systems.
The structures formed can be defined as a “phase” since they have uniform phys-
ical properties such as density and chain order parameters. The nature of the
structures formed and their phase behaviour is complex, depending on the inter-
actions mentioned above and as shown in figure 1.2 how changing the tail length,
the head size and the water to oil composition of the solvent promote di↵erent
phases.
Figure 1.2 Schematic of lipid phases upon changing the head
and tail composition and lipid volume fraction in water-oil. Image
reprinted with permission from [1]
1.2.1 Phospholipids and cellular membranes
The most common naturally occurrring aggregates of phospholipids occur in cell
membranes (figure 1.3). The framework of the cell membrane is a phospholipid
bilayer in which several other components can move relative each other in a
fluid-mosaic model [12]. The hydrophobic tails of the lipids form the core of
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Figure 1.3 Biochemical organization of cellular membranes
the membrane, whereas the hydrophilic heads are exposed to the external water
environment. The proteins in the membrane exhibit a semi-fluidic behaviour as
the protein can move but only laterally. [13].
Membrane proteins have a key role in every day life. In the cell membrane,
membrane proteins are involved in the regulation of the cell and determine its
functions. The activity of each cell is based on the di↵erent amounts and types of
membrane proteins present in the cell membrane. [14] Until the beginning of 2000,
the structure of membrane proteins was simplified and their orientation along
the cell membrane was assumed to be perpendicular to the double phospholipid
layer, thus making transmembrane helices [15]. However, in the last few years,
more studies have been carried out on the relationship between the structure
of the protein and its functions. It has been proved that the unfolding process
of proteins causes diseases [16], for example, many degenerative conditions are
caused by denaturation of proteins that aggregate into amyloid fibrils and plaques
which cause syndromes such as Alzheimer’s [17] and Parkinson’s [18]. It is now
well established that the functionality of the proteins is strictly correlated to their
spatial arrangement, which is more complicated than a simple transverse channel
across the membrane. Proteins can associate with the cell membranes in di↵erent
ways as depicted in figure 1.4.
One of the most common types of proteins are channel proteins (figure 1.4a-b-c)
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Figure 1.4 Schematic diagram of a few possible arrangements
of membrane proteins in a cell membrane
that control the flux of ions inside and outside the membrane. Membrane proteins
are also correlated to the enzymatic activity of the cell. The enzymatic function
of proteins is often used as a target for therapeutic applications and diagnosis
[19].
Membrane proteins can be divided into two elementary regions: one hydrophilic
and one hydrophobic. The first region will be intercalated and stabilized into
the cell membrane in the lipidic head layer or the surrounding water. The hy-
drophobic core of the phospholipid bilayer instead will interact and anchor the
hydrophobic region of the membrane protein. The way the phospholipids inter-
act with membrane protein is based on the composition of the membrane. Five
points must be kept in mind:
1. A protein can not move without regard to the surrounding lipids: lipids
surrounding the membrane protein have to arrange hydrocarbon tails in a
way that no void space is present (figure 1.5). Moreover, the stretching of
the hydrocarbon tails must not be greater than the critical length.
2. Lipid configuration around the protein is di↵erent: Due to point 1, lipids
surrounding the membrane protein must have di↵erent mobility in order to
pack their tails into the membrane. The discrepancy between the mobility
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Figure 1.5 Pictorial representation of (left) a membrane pro-
tein with a hydrophilic (grey) and a hydrophobic (black) region.
and (right) the rearrangement of lipids in a membrane to avoid
empty space
of the tails around the protein and those far away from the protein was
detected using ESR (Electron Spin Resonance) and NMR [20, 21].
3. The way the lipids are packed will be di↵erent in the top and bottom leaflet
due to changes in the curvature and the membrane function on both sides
of the bilayer.
4. The mobility of the protein along the cell membrane will change in the
presence of coupled regions.
5. Phase separation can occur around a protein: due to the concavity/convexity
that the cell membrane has around a protein, there is a selectivity of lipids
that can thermodynamically surround a protein. Since just a few lipids can,
most of the time, match the properties so far explained, it is not uncommon
to find phase separation of lipids around a membrane protein.
Due to the complexity of the interaction between membrane proteins and lipids,
the conformation of one changes with the respect to the other, which leads to
di↵erent configurations and, as a consequence, to di↵erent functionalities of the
proteins in di↵erent lipidic environments [22]. The conformation of the latter is
a↵ected by changes in pH and salt conditions and thus tight control over these
solution parameters is crucial to maintain the functionality of a protein. Figure
1.6 shows how two di↵erent cells can di↵er from each other with respect to lipid
content.
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Figure 1.6 Lipid composition for two di↵erent cell membrane:
(left) Escherichia Coli and (right) Rat Hepatocyte Membrane.
Di↵erent phospholipid heads will a↵ect the charge on the membrane surface
whereas di↵erent tails will change the pressure that the protein experiences. All
these parameters will a↵ect the quaternary structure of a protein. In general the
physiological environment controls the protein function, which can change from
organism to organism, with age and disease [23].
A critical point for the scientific community is to then find the stability conditions
for which the conformation of the membrane protein is preserved out of the native
environment in order to study the role of the membrane in, for example, degener-
ative diseases. In fact, unlike soluble enzymes, membrane proteins aggregate into
insoluble structures if removed from the native environment [24]. Therefore, to
carry out a biological characterisation of a membrane protein, three parameters
have to be satisfied:
• control of lipid environment
• control and definition of protein oligomeric state
• topology of the insertion
In order to satisfy the parameters specified above, membrane protein characteri-
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sation has typically been carried out either using micellar or liposome phases as
supports. In the first case, detergent is used to solubilise the protein in a micel-
lar structure. The detergent can lead to an inactive or denatured structure, as
well as interferring with the probing technique used for the characterization [24].
Moreover, the small particle size of micellar structures leads the system to have
dynamic fluctuations [25], which are di↵erent to fluctuations in the native layer.
For a long time liposomes have also been used to characterise membrane proteins
[26–28] due to the similarity of the structure to that of a cell membrane. This
system is still used to study channel proteins where the discrimination between
the inside and the outside of the membrane is fundamental to the functionality of
the protein [29]. The main disadvantages of this system, though, arise from the
impossibility to have a tight control over the phospholipid composition, which,
as discussed above, has a huge e↵ect on the structure of the membrane.
1.3 Nanodiscs: a literature review
The direct self-assembly of simple molecular components into a complex structure
is still a controversial field which has fascinated the science community for the
last few decades [30–32]. Examples of self-assembly emerge from several subjects,
for example, in the chemistry of polymers arising from a mixture of monomers
[33]. In biology the three dimensional structure of proteins is also driven by the
“monomers”; in this case, the amino acid sequence. The supramolecular order
seems to be the main driving force for phase separation and symmetry breaking
in the formation of anisotropy at the mesoscopic level.[34] With the goal to study
membrane proteins, in order to avoid the limitations described above with using
liposomes and micelles as model systems, the scientific community recently came
up with another self-assembled system: the nanodisc.
The nanodisc is a non-covalent self-assembled system made from a bilayer of
phospholipid wrapped by either a Membrane Sca↵old Protein (MSP) [35] or a
polymer in a belt-like configuration [36].
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The advantages of the nanodisc structure is that the oligomeric state of the target
membrane protein is controlled and the protein is solubilised at the single molecule
level. This allows structural and functional studies of the protein by techniques
that before were confined only to soluble proteins [37, 38].
1.3.1 MSP stabilised nanodiscs
MSP is a synthetic protein based on the apolipoprotein A-1 sequence, which con-
sists of a chain of 200 amino acids which construct an amphipathic alpha helix.
The globular N-terminal domain present in the native protein is substituted by
a histidine tag and Factor X cleavage[35]. The MSP encircles the phospholipid
bilayer, stabilising the structure in a disc-like configuration. Two or more chains
of MSP are involved in this process [39, 40]. A so-called MSP2 was engineered in
such a way as to fuse two chains of MSP; this allowed the self-assembly process
to proceed using only one chain [35]. The procedure for the self-assembly process
from a cell membrane to a protein embedded in its lipids’ native environment
has been exhaustively reported in the literature [23, 24, 34, 35]. The process is
summarised in figure 1.7 and described below.
Initially, the lipid to MSP concentration must be determined. This is usually
done by titration of MSP against several lipid concentrations. As Sligar et al.
[35] has already shown, monodisperse nanodiscs are generated when lipids is
added to MSP in correct proportions. If the concentration of lipids is too high,
large aggregates in solution are formed. Conversely, for a too low concentration of
lipids, the MSP will still interact with the lipid tails, but the resulting structure
will be deformed and most likely will not have a nanodisc shape. In general, when
the lipid to polymer ratio is not optimal, then polydisperse structures are made
[24].
Once the ideal ratio is established, the engineered MSP protein is solubilised in
a detergent and mixed with the lipids. The self assembly process begins when
the MSP and lipids are dialysed against water where the surfactant di↵uses into
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the water and the protein therefore starts to interact with lipid tails. The system
finds its minimal energy configuration with the MSP surrounding the lipid tails
on the perimeter of the disc shielding them from the solvent [35].
The optimal disc radius arises from the length of the MSP[34]; engineered MSP
were generated with several lengths and show that upon increasing the length of
the MSP, larger discs are created [34].
However, even though control of the size nanodisc is possible using this method,
a surfactant must be initially used for the protein extraction. Moreover, in order
to extract the membrane protein from the cell membrane several steps must be
undertaken and in fact the MSP cannot be used directly to extract the membrane
protein from the cell membrane.
In the last decade, however, a new method using a block copolymer of styrene
and maleic acid has been developed to extract membrane protein from the cell
membrane in one step, without requiring the use of detergent.
1.4 Polymer stabilised nanodiscs
IPolymer stabilised nanodiscs use polystyrene-co-(maleic acid) (SMA) to extract
membrane proteins out of the cell membrane. When SMA is added to either ar-
tificial or natural membranes, the polymer disrupts the membrane and stabilises,
in similar structures to MSP, the lipid tails on the perimeter of the discs. The
structures made are called SMALP (SMA Lipid Particles). The great advantage
of this method is that it is detergent free and the protein is preserved in its native
environment. SMALP (SMA Lipid Particles) nanodiscs made with this polymer
have a size range between 10 and 25nm [41, 42]. In the last decade many mem-
brane proteins have been extracted using this polymer. The characteristics and
features of this polymer are extensively explained in section 1.5.1
The self-assembly process that leads to either MSP or polymer stabilised nan-
odiscs is reported in figure 1.7
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Figure 1.7 Schematic of the self-assembly process that leads to
the assembly of (left) MSP or (right) SMA in stabilised nanodiscs.
1.4.1 Latest developments using SMALP
The development of SMALP for the three-dimensional study of membrane pro-
teins has increased the number of membrane protein extracted in their lipid native
environment from simple cells like as Escherichia Coli [43]. Membrane proteins
like AcrB [44], ABC transporter PgP [45], the potassium channel KcsA [46] and
more, have been extracted and a library of membrane protein structures in their
native lipid environments has been formed. In addition to their use as a platform
for membrane protein reconstruction, SMA stabilised discs have been used also
as a pseudo stationary phase in electrokinetic chromatography (EKC), instead of
membrane stabilised nanodiscs. A good performance of SMALP was observed in
terms of mobility and migration range thanks to the maleic acid charged group.
[47].
Recently, nanodiscs have proven successful in the detection of phosphorylation
using NMR [48]. The SMALP platform has allowed the characterisation of ↵-
synuclein (↵-syn), a membrane protein responsible for neurodegenerative diseases
such as Parkinson’s disease. The aggregation of this protein has been observed
in neurons, however, there is evidence that in its functional form, this protein
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has a high alpha helices content and can make a tetramer, the functionality of
which remains unclear. Using SMALP as a platform for ↵-syn showed their
ferrireductase activity in its functional form in the tetrameric state [49].
1.5 Polyelectrolyte block copolymers
Poly(styrene-co-maleic acid) is just one of a wide range of polymers called poly-
electrolytes. In this specific case, SMA, as well as being a polyelectrolyte, is also
a block copolymer species. Polyelectrolyte block copolymers are widely used in
disciplines such as biology, physics and chemistry. In general a polyelectrolyte is
a polymer whose monomers contain an electrostatic charge, which can be either
positive or negative [50]. Due to the charge on the molecule, polyelectrolytes are
soluble in water environments, which make them suitable for green and sustain-
able chemistry, biological and medical application [1].
1.5.1 Poly(styrene-co-maleic acid) (SMA)
Poly(styrene-co-maleic acid) is the product of the hydrolysis of a widely available
commercial copolymer: poly(styrene-co-maleic anhydride) (figure 1.8).
Poly(styrene-co-maleic anhydride) (SMAh) is produced on a large scale by many
companies such as Polyscope, Sartomer, Cray Valley and Syngenta. Due to its
thermoplastic and chemical-resistance properties, it has been used in the past for
the production of objects such as plastic trays and automobile parts.
The anhydride form is still interesting as a polymer with a wide range of appli-
cations such as ink, coatings and leather tanning agent due its hydrophobicity
and polarised beat from styrene and maleic anhydride respectively. But, due to
the insolubility of this polymer in aqueous solution, it is not attractive for the
biology community.
On the other hand, poly(styrene-co-maleic acid) (SMA) has been widely used
by the scientific community for many purposes: to make photoactive polymer
micelles [51], to control the growth of crystal nanoparticles [52] etc. SMA has
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Figure 1.8 Schematic of (a) the hydrolysis of maleic anhydride
to maleic acid in an alkaline environment, (b) the protonation
of maleic acid in an acidic environment and (c) the chelation of
maleic acid with divalent cations.
also been used in medicine and biochemistry in conjugation with cancer-therapy
drugs [53].
One of the most recent applications of SMA is to make SMALP, as described
in section 1.4. From the structural point of view, SMA is a polyelectrolyte co-
polymer made of styrene and maleic acid. The double acid group present in the
latter monomer makes the polymer soluble in aqueous solution. Maleic anhydride
undergoes a ring-opening reaction in presence of a base as shown in figure 1.8a.
There are limitations to the use of this polymers which mainly arise due to the
chelating properties of maleic acid. In fact when a divalent cation is added into
solution, maleic acid makes a complex which neutralises the polymer charge on
the surface (figure 1.8c); this leads to a precipitation of the polymers. Moreover
SMA copolymer is not stable in acidic solutions due to the protonation of the
carboxylic group (figure 1.8b).
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1.5.2 Poly(styrene-co-maleimide)
Positively charged polyelectrolytes have been widely investigated due to their
ability to disrupt the cell membrane. This property gives rise to antimicrobial
applications[54], and is also used in gene delivery[55]. Polystyrene maleimide is a
resin which changes its physical properties depending on the percentage and the
type of maleimide [56]. Styrene maleimide co-polymers have been developed due
to their interesting thermal properties. The thermal resistance of this polymer is
increased compared to styrene - maleic anhydride co-polymers [57, 58].
Direct copolymerisation of styrene and maleimide can be carried out using Atom
Transfer Radical Polymerization (ATRP), but this method is not the most com-
monly used because maleimide, unlike maleic anhydride, can homopolymerise, so
must be handled with care prior the polymerisation [58]. For this reason, large
scale production of SMI has been achieved by conversion of the SMA copolymer.
The main advantage to use the SMA copolymer as a starting material arises
from its large availability, and moreover SMA copolymers are well characterised
for MW, PDI and styrene to maleic anhydride ratio. The modification occurs
either in the liquid or in the gas phase. The conversion of the maleic anhy-
dride depends on the concentration of the amine used, which can be ammonia
[58, 59] or a R–NH2 reagent. This copolymer, other than being used as a resin
for photolithography and photoengraving applications [60] has already been used
in biology to make giant hybrid macromolecules [61].
As for SMA, SMI can become a polyelectrolyte upon the protonation of the imine
group, as reported in figure 1.9.
Polycationic species are interesting and have been widely studied for their ability
as a antimicrobial agent. In fact it has been shown that polycationic species can
disrupt the cell membrane [54].
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Figure 1.9 Schematic of the protonation of SMI used during
the project.
1.6 Aim and objectives
To determine whether commercial SMI can be used to make stable aggregates
with DMPC or not, an in-depth study of the polymer alone, and then in the
presence of lipids it is discussed in chapter 3.
However, the commercial SMA did not show a clear correlation between the
molecular weight of the polymer and the diameter of the discs. That is why a
controlled polymerisation of this copolymer has been made. In order to correlate
the features of the polymer with the nanodiscs properties, the structure of the
polymer has been slightly modified as shown in chapter 4.
The controlled synthesis of the copolymer led to the possibility to deuterate part
of the structure and to follow the early stages of the penetration of the polymer




This chapter introduces the theory of the characterisation techniques. A brief
introduction of the scattering theory will be discussed first.
2.1 Wave-matter duality and scattering theory
The first debates about wave-particle duality date back to the XVI century. Two
divergent opinions were held by Isaac Newton and Huygens, respectively, about
the nature of light. Newton published his treatise ”Opticks”[62], in 1704, where
light was described as a particle, whereas Huygens in 1690 described in his “Trait
de la Lumiere” (treatise on light) the first mathematical description of light as
a wave. In the 20th century, Einstein advanced the hypothesis of a wave-matter
duality. He wrote: “It seems as though we must use sometimes the one theory
and sometimes the other, while at times we may use either. We are faced with a
new kind of di culty. We have two contradictory pictures of reality; separately
neither of them fully explains the phenomena of light, but together they do”.
Given then the dual wave-matter nature of radiation when this hits a particle,
whether this is light, X-rays or neutrons when it hits a particle the scattering event
can be described using classic mechanics due to its particulate nature. When a
scattering event occurs, two pathways are available: the incident beam hits the
particle and transfers part of its energy to the sample (inelastic scattering) or
energy is conserved (elastic scattering) [63]. Scattering experiments can be per-
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Figure 2.1 Representation of a scattering event.
formed in order to elucidate the structure or dynamics of the system under study.
In the case of neutrons and X-rays, only structural experiments using elastic scat-
tering were performed in this work: these are discussed in sections 2.2.1 and 2.2.2.
Depending on the nature of the source of radiation (neutron, X-ray, light etc),
di↵erent information can be extracted. In fact, the interaction of each radiation
with the same sample is di↵erent: neutrons will be scattered from nuclei, X-Rays
will be scattered from the electronic cloud and light will be scattered by a dipole-
dipole interaction[64]. Even though di↵erent information will arise from any of
those scattering events, these techniques return complementary information and
can be described with the same basic equations and laws[65]. The general event
of scattering can be summarized as in figure 2.1
The incoming radiation has an initial vector, magnitude and direction when it
hits the scattering particle and leaves from it in a di↵erent direction with either
an equal or di↵erent final vector magnitude. In the first case the event is called
elastic scattering and no energy exchange happens, whereas the second case is
called inelastic scattering where the incident particle does not preserve its kinetic
energy. Since only elastic scattering was used to investigate the systems, in this
thesis, only this type of phenomenon will be described in-depth.
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2.2 Small angle scattering (SAS)
Small Angle Scattering (SAS) is an elastic scattering technique, typically used
to study the size, shape and orientation of particles in solution. The incoming
radiation used to probe the sample in SAS can be light, neutrons or X-rays [64].
In general, in an elastic collision, the total energy (E) is preserved, in other
words, the kinetic energy is not converted to other forms and we can express it
as reported in equation 2.1
E = h¯!i   h¯!f (2.1)
where h¯ is the Planck constant 6.626069x10 34Js, !i and !f are the frequency of
the radiation before and after the collision with the scattering object. As both
the total energy and the momentum are preserved in elastic scattering, we can
then express this as equation 2.2.
P = h¯(ki   kf ) (2.2)
where ki and kf are the wave vectors before and after the radiation hits the object.
As depicted in figure 2.1, the scattering vector q is quantified as the di↵erence
of the final and initial wave vector (kf   ki). The magnitude of the scattering
vector can be quantified considering that | k |= 2⇡  , where   is the wavelength of
the incident light. From the geometry described in 2.1 and from the magnitude
of the wave vectors, it is possible to rewrite (2.3) to express q as a function of  





If we consider a system of isotropic centrosymmetric particles 1 (our analyte)
surrounded by particles 2 (the solvent), the intensity of the scattered radiation
arising from this sample is proportional to equation 2.4
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I = NP · ⇢2 · V 2P · P (q) · S(q) + B (2.4)
where NP is the number of particles, VP is the volume of the particle I0 is the
intensity, P (q) and S(q) are the form and structure factor respectively,  ⇢ is the
di↵erence in the scattering length densities between the particles and the matrix
around this and B is the background contribution. The scattering length density






where bi is the scattering length and accounts for the contribution of each i-atom
to the scattering and Vm is the molar volume of the molecule. For a general
scattering experiment, the scattered intensity is measured at di↵erent q values,
either by varying the angle ✓ or the wavelength  
The scattering length, in terms of the physical interaction, describes how strongly
the incoming radiation interacts with matter. Due to the di↵erent nature of the
interactions of neutrons and X-rays with matter, as described in section 2.1, the
scattering length is also di↵erent for the two cases. In the case of neutrons bi is
randomly distributed along the periodic table. In the case of X-rays, since the
interaction arises from the electronic cloud, it increases with increasing atomic
number of the atoms involved in the event and is defined as equation 2.6:
bX Ray = Zre (2.6)
where Z is the atomic number and re is the scattering cross section for an





where ✏0 is the vacuum permittivity, m is the mass of an electron and c is the
speed of light.
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For a typical biological sample, the most common atoms involved in the structure
are C, H, O, N, P. Neutron and X-Ray scattering lengths for these atoms are
reported in table 2.1.













Neutrons interact and can be scattered by matter in a di↵erent way to other
scattering events, such as light or X-ray scattering. When an incoming beam
hits the sample, neutrons will interact with the nuclei rather than the electronic
cloud. Advantages of this technique are:
• Wavelength
Neutrons are between 0.6 and 20nm in wavelength. This is much smaller
than the wavelength of visible light (400-700 nm). The shorter wavelength
leads the neutrons to achieve an atomistic resolution, compared to light
scattering. [63].
• Low Energy
An electromagnetic radiation has an energy given by E =  ⌫ where ⌫ is
expressed as c/ . Due to the mass of the electron (m = 1.674x10 27Kg),
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Figure 2.2 Schematic of scattering lengths for some elements.
Considering   = 1.8 nm for a neutron or 0.1 nm for an X-Ray, we can calcu-
late E which is 25 meV or 8.2 keV for neutrons or X-Rays respectively[64].
The great advantage of neutrons, then, is the low energy level of the incom-
ing beam, which does not damage organic and biological samples. In the
last few years many research fields and companies have used neutrons to in-
vestigate X-ray radiation sensitive samples, such as in food science research
[66].
• Labeling
Isotopic labelling is widely used in several techniques. The signal arising
from a sample when compared with the surrounding media is key for any
measurement such as NMR or spectroscopy techniques. For a scattering
experiment, as shown in equation 2.4, the intensity of the signal is propor-
tional to the square of the di↵erence in SLD between the solvent and the
sample. For neutrons the cross section of atoms is isotope-dependent, un-
like for X-rays where it is proportional to the atomic number. A schematic
representation of this phenomenon is reported in figure 2.2.
Due to the large di↵erence in the scattering length of hydrogen and deu-
terium, the contrast variation in neutron scattering experiments is usually
done by exchanging the hydrogen with deuterium; this hydrogen can be
either in the solvent or within components in the sample. Variation of
the contrast allows the highlighting of specific parts of a molecule and to
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hide others without modifying the chemical behaviour of the sample, e.g.
without having to leave out any of the components or add other labels like
fluorescence markers. This is crucial in biology, since it is possible to hide
or highlight part of macromolecules just by exchanging hydrogen with deu-
terium in water, which is omni-present in biological samples and thus is
relatively cheap. It is usually assumed assumed that this does not change
the properties of the studied sample, e.g. the hydrogen bonding network.
2.2.2 X-Ray scattering
X-rays are electro-magnetic waves with a wavelength range between 0.01 and 10
nm [67]. This wave is the result of an electric and magnetic field that propagate
perpendicularly to each other. Due to the X-ray-matter interaction, the strength
of the interaction of the beam with the sample is congruent with the electron
density of the sample, as shown in figure 2.2 There are many advantages to using
X-ray techniques such as:
• Fast Due to the high flux and energy of the beam, it is possible to acquire
a large amount of data in a short time
• Resolution Short wavelengths from X-rays have been often used in the
last century to investigate the crystal structures of proteins with subatomic
resolution.
2.3 Small angle neutron scattering (SANS) in-
struments
In this project SANS data was acquired in central facilities in Grenoble, France
(ILL) and Didcot, UK (ISIS). Two SANS instruments were used at each facility,
LOQ and SANS2d at ISIS and D11 and D33 at the ILL. The two facilities produce
neutrons in di↵erent ways, ISIS by spallation arising when a proton beam collides
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with a heavy metal target and ILL utilizing a research nuclear reactor. This
means that the SANS instruments at both facilities are subtly di↵erent, ISIS
using polychromatic beams to increase the useful neutron flux and time of flight
methods, ILL using (approximately) monochromatic beams. A representation of
a monochromatic beam small angle scattering technique is reported in figure 2.3.
Figure 2.3 Generic representation of a SAS beamline
LOQ [68] is a time of flight SANS instrument at ISIS. The instrument has a
chopper that allows the selection of wavelengths from 2 to 12 A˚. At about 11 m
from the first chopper is the sample environment thermostatically controlled using
a water bath. The sample changer used for experiments has 20 positions available.
The sample changer used for the experiments has 20 positions available. Samples
are loaded into quartz Hellma cells 1 mm thick and 1cm wide. At a distance
of 4m from the sample position is a 64 cm x 64 cm 3He-CF4 filled ORDELA
detector with a resolution of 5 mm. Calibration of the instrument is performed
using a copolymer of 50% perdeuterated/protonated polystyrene, called TK49.
In all measurements, the instrumental background and solvent contribution are
also collected, as is the incident wavelength spectrum of neutrons incident on the
sample and the intensity of the transmitted beam with wavelength. All of the
above are used to reduce the data to absolute intensities with respect to scattering
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angle, using Mantid [69], an open source software.
D11 [70] is a SANS instrument based in Grenoble at the Institute Laue Langevin
(France). The instrument is placed about 100 m from the nuclear reactor. Neu-
trons are beforehand moderated and the energy is selected by a monochromator
(ASTRIUM). Neutrons are selected through a velocity selector that consists in a
helical path, allowing the forward transmission of neutrons with a distribution of
9% around the mean wavelength. The wavelength for the experiments carried out
on D11 was set at 6 A˚. Neutrons arising from the monochromator are collimated
using movable mirrors. The sample zone is equipped with a thermostated sample
rack that can hold 20 samples. The detector is situated in a vacuum vessel after
the sample environment and can move to any sample-detector distance between
1.2 and 39 meters. For our purposes, three sample-detector distances are neces-
sary to cover the entire q-range used for our data interpretation: 1.204 m, 6.994
m and 13.495 m. As for LOQ, samples are loaded into quartz Hellma cells 1 mm
thick and 1cm wide. To calibrate the instrument to an absolute intensity, water
is run as a standard. Medium and high angle scattering patterns are collected for
every sample. The low angle is collected only for those samples that appear ag-
gregated (cloudy via visual inspection) or which contained large structures from
preliminary analysis of the scattering patterns. Scattering patterns from di↵erent
detectors are merged before being analysed. To subtract the background prop-
erly, every bu↵er is run for each angle and merged. Data are reduced using the
software LAMP [71].
SANS2d [72] is a time of flight SANS instrument based at Target Station 2 (TS2)
in ISIS. SANS2d has two movable detectors. The sample environment is placed
at 17 m from the chopper. Two di↵erent types of experiment are performed. The
sample area is equipped with a rack that can accommodate up to 40 samples
in 1mm thick quartz Hellma cells for the experiments using a sample changer.
The environment is kept at constant temperature using a water bath. A Bio-
Logic SFM-400 stopped flow equipment, (which is further explained in section
2.6.3 below)is also used to follow the kinetic processes of the polymer interacting
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with lipid vesicles. Two 0.96 m square 3He multiwire proportional counters (Or-
dela21000N) are placed after the sample area and can be moved from 3.5 to 12.5
m from the sample. The higher angle detector of the two can be moved 1.3 m
sideways and rotated to be perpendicular to the scattered beam from the sample.
Both detectors are displaced 0.15 m vertically relating to the transmitted (direct
or unscattered) beam.
D33 [73] is a small angle neutron scattering instrument at ILL that can work either
in TOF or monochromatic mode. For our purposes, only the monochromatic
mode has been used. The wavelength of the neutrons (6A˚) is selected by a
velocity selector, as for D11. The detector, a 3He multi detector, is placed in
a 20 m evacuated tube. It can move along the tube to modulate the Q-range.
For our experiments the detector is moved to positions of 1.2 m and 12 m from
the sample. Two sample environments are used on D33: a stopped flow device
(Bio-Logic SFM-400) and a sample changer. Background is subtracted and the
data are reduced using LAMP [71].
2.4 Small angle X-Ray scattering (SAXS) in-
strument
SAXS data were collected in Diamond, RAL, Didcot, the instruments used being
B21 and I22. A schematic representation of I22 is reported in figure 2.4
I22 is a SAXS instrument built at the Diamond Light Source. The sample area
is adaptable to allow a wide range of experimental set ups. For experimental
data shown in chapter 3 and 4 from I22, 1.5 mm wide quartz capillaries are
used. During the experiment the temperature is not controlled within the sample
changer but the room is thermostatically controlled at 22 C. The incoming beam
has a wavelength of 1 A˚. The beam pipe and the wedge shaped nosecone can
be moved in order to minimise the pathlength of the X-ray beam through air.
The sample-detector distance used was 4.7m. Data reduction is carried out using
DAWN [74].
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Figure 2.4 Schematic of I22 beamline in Diamond. Picture
reprinted with permission from [2]
B21 is a SAXS instrument specifically built at Diamond Light Source for BioSAXS
(biological SAXS). The scattering vector, q, is varied between 0.015 and 0.3 A˚ 1.
TThe wavelength of the incoming beam is fixed at 1 A˚. A Pilatus 2M detector at
4.15 m from the sample area is also used in a fixed position. The X-ray scattering
experiment is performed using robotic sample handing equipment. A 96 well plate
is loaded with samples and placed in the hutch. A sample handing robot loads
the sample into a 1 mm quartz capillary. Before each sample is loaded, the
capillary is washed with bu↵er, ethanol, bu↵er and then filled with the sample.
The exposure time is 1 min collected in 1 s frames to check for beam damage.
All data are acquired at 25  C. Data is reduced to I(q) vs q using the DAWN [74]
software package . Silver behenate and collagen are used to calibrate both of the
SAXS instruments.
2.5 X-Ray and neutron reflectivity
Reflectivity is widely used in industry and academia to study the surface and
interface properties of thin layers. In this project liquid-air interface reflectivity
was used to probe the penetration of the polymer into a lipid monoalyer. These
experiments are described in chapter 5.
The way the incoming radiaiton interacts with matter is the same as has been
discussed for SAXS and SANS in section 2.1. In neutron and X-ray reflectivity
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Figure 2.5 Schematic of a reflectivity event
(NR and XRR, respectively) the probing beam is almost parallel to the surface.
A schematic of a reflectivity event is represented in figure 2.5.
In terms of geometry, the momentum transfer for this event is the same calculated




Similar to SAS, the principle laws for the technique apply no matter what kind
of radiation is used to probe the sample. In general the refractive index of a
material has a real and a complex part (equation 2.9)
n = 1    + i  (2.9)





where   is the wavelength of the incoming wave and ⇢ is the scattering length
density for either X-rays or neutrons.   is the absorption coe cient and is usually
neglected because it is significantly smaller than  , of the order of 10 5-10 6.
The incident and reflected beams are named ki and kr respectively. Snell’s law
(equation 2.11) states that when an incoming wave hits a surface the radiation can
undergo either transmission or reflection. The angle at which transmission occurs
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where ⇥0 is the incident angle and ⇥t is the transmitted angle formed by
the neutron or X-ray beam to the surface normal and n1 and n2 the respective
refractive indices for the subphase and the sample.
Below a certain angle the so-called critical edge (⇥c), the incoming beam is totally
reflected. Equation 2.11 can be rearranged considering the ⇥0 = ⇥c and ⇥t =






Therefore,the position of the critical angle provides information regarding the
composition of the subphase. Changing the angle of the incident beam then
allows the study of the surface in terms of its scattering length density as a
function of the distance from the interface. When neutrons or X-rays hit the





where Q is defined in equation 2.3 and Q1 =
p
Q2  Q2c . This equation
is derived as shown in references [75, 76] and does not account for imperfections
within the surface, e.g. the roughness of the surface results in a decreased specular
reflection due to di↵use scattering events rather than reflection. The nature of








A schematic of a neutron reflectometer is shown in figure 2.6
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Figure 2.6 Schematic of a reflectometer.
FIGARO (ILL) was used to carry out the NR liquid-air reflectivity experiment,
whereas X-ray reflectrometry was performed on I07 (Diamond Light Source) . A
brief description of these two instruments is given below.
• Figaro [77] is a neutron reflectometer at the ILL. The wavelengths of neu-
trons are selected using a chopper and can change between 2 and 30 A˚.
Neutrons are then collimated and conducted to the sample changer. In our
case a 40 mL Langmuir trough is used. This is situated on a anti-vibration
table to avoid any interference during the experiment. A laser is used to
align the trough and to check the volume of the liquid in the trough as
described in section 2.10. Data is background subtracted and reduced to
reflectivity against Q, using Cosmos.
• I07 [78] is an X-Ray reflectometer at Diamond Light Source. The energy of
the incoming beam is 12.5 keV. Multiple aligned teflon adsorption troughs
are used for the experiment. Similar to Figaro, troughs are placed on an
anti-vibration table at ambient temperature (22 C). Data are collected with
a Q-range from to 0.09 to 0.6 A˚ 1.
2.6 SAS and reflectivity data analysis
As discussed in section 2.2, contrast variation has a key role in neutron techniques
[79]. In order to fit scattering and reflectivity patterns, the scattering length
densities of the used materials were either calculated or taken from the literature.
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2.6.1 Polymer solution scattering analysis
The SLDs (equation 2.5) for the polymers used were calculated using the NIST
online calculator apart from SLDs for and , which were calculated by running a
solvent contrast variation experiment to determine the match point. In order to
do that, a 1.5% wt polymer solution was made up in di↵erent contrasts: 100%
mol D2O, 75% mol D2O, 50% mol D2O and 35% mol D2O. The intensity was
extrapolated to Q=0 and was plotted against percentage of D2O (figure 2.7). A
linear fit to the data was done and the SLD for the two polymers were obtained
where this line crossed I0=0, which is called the match point. The match point
indicate that both of the polymers have about same SLD within the error which
is 1.96x10 6 A˚ 2.
Figure 2.7 Solvent match point data for SMI1000 and SMI2000.
Analysis of the SAXS patterns for the 1.5% solutions of the polymers alone re-
vealed a sphere shape for the polymers at low salt concentrations, and could be
fitted with a spherical form factor, whereas an elongated shape was found for
higher salt concentration. The latter data were fitted with an ellipsoidal shape.
The two models are described below:
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• Polydisperse sphere
The model, schematically represented in figure 2.8, calculates the form fac-
tor, P(q), for a spherical particle with uniform scattering length density.
The form factor is normalized to the particle volume as shown in equation
2.15 described below. No structure factor is included in this model, as the
data were collected within the dilute (non-interacting) regime. The model











Mean Radius (A˚) 60
PDI (sig/ave) 0.2
SLD sphere (A˚ 2) 1.96x10 6
SLD sphere (A˚ 2) 6.3x10 6
Inch. Bkg 0.01
Table 2.2 Typical values for sphere model Figure 2.8 Sphere model
• Uniform Ellipsoid
The form factor for this model is calculated for a monodisperse ellipsoid
with uniform SLD. This is normalised to the particle volume and integrated
over all possible orientations of the particles as above. No structure factor








f 2[qrb(1 + x
2(v2   1))1/2]dx+ bkg (2.16)
where:
f(z) = 3Vell
(sin z   z cos z)
z3
(2.17)
















SLD ellipsoid (A˚ 2) 1.96x10 6
SLD solvent (A˚ 2) 6.3x10 6
Inch. Bkg 0.01
Table 2.3 Ellipsoid model parameters Figure 2.9 Graphic of ellipsoid model
• Polymer micelle
This model calculates a form factor for a micelle with a spherical core
and a Gaussian coil representing the polymer chains on the surface of the
micelle. It is usually applied for describing the micelles formed by block
copolymers. This model calculates the form factor for an inner sphere
of radius r which makes the core and for Gaussian coil chains around of
this sphere of additional radius Rg. A schematic of the model is reported
in figure 2.10. It is assumed that the chains forming the corona do not
penetrate into the core.
• Fuzzy sphere
This model was used to fit zwitterionic copolymers in solution. It calculates
the form factor for a sphere and convolutes this function with a Gaussian








36 2.6 SAS and reflectivity data analysis
Parameters Values
Scale 0.01
Radius r (A˚) 40
Rg (A˚) 20
SLD core (A˚ 2) 1.4x10 6
SLD corona (A˚ 2) 2x10 6
Inch. Bkg 0.01
Table 2.4 Polymer micelle parameters Figure 2.10 Graphic of polymer micelle
2.6.2 Nanodiscs analysis
The scientific community, after several models were initially proposed [39, 80–83]
for protein stabilised phospholipid nanodiscs, adopted a commonly accepted the-
ory of a discoidal structure of the nanodiscs. Therefore here we have used the
same model for polymer stabilised nanodiscs based on their apparently similar
shape from previous TEM and SANS studies [84]. Data from small angle scatter-
ing experiments were fitted using a concentric cylinder model which is graphically
shown in figure 2.11. This model is made of an inner cylinder divided into 3 parts:
• Top and Bottom: those parts represent the head of the phospholipid
• Central: This part represents phospholipid tails in the bilayer disc
The external hollow cylinder models the polymer belt that surrounds the lipid
tails (external dark grey cylinder in figure 2.11). In order to account for poly-
dispersity in the model, the radius of the inner cylinder is convoluted with a
Schultz distribution. This model has 15 parameters reported in table 2.5. The
mean radius represents the radius of the inner cylinder which corresponds to the
phospholipid bilayer. This is represented in figure 2.11 as A. The core length is
represented in figure 2.11 as C and is the length of the phospholipid tails. The rim
thickness is the thickness of the polymer surrounding the phospholipid tails and
is represented as B. The SLD of the core represents the scattering length density
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Figure 2.11 Schematic representaion of the polydisperse bicelle
model used to fit SAS data [3]
of the tails (showed in figure 2.11with the inner dark grey cylinder). Due to the
large number of parameters, the SLD of the polymer, the lipid heads and lipid
tails, dielectric constant [85], temperature, monovalent salt concentration, and
the thickness of the lipid heads and tails were calculated or found from literature
and usually fixed during fitting. Exceptions are noted in the description of the
model in the following chapters. The salt concentration was set to the concen-
tration of the bu↵er (50 mM) plus that of the added NaCl in each case. As an
example, in a 50 mM NaCl bu↵er solution, the salt strength is considered to be
0.1M. The water content in the rim and in the lipid head regions was used for fit-
ting purposes rather than the SLD. Thus for the polymer rim and lipid heads this
value had to conform to the scattering from several contrasts rather than being
evaluated separately for each contrast. The structure factor was calculated using
a Hayter-Penfold charged sphere approximation [86]. Using this routine, the soft-
ware calculates the structure factor for charged particles in a dielectric medium
by assuming the discs are tumbling in solution so that a spherical approximation
can be used.
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Table 2.5 Parameters and typical values used to fit the model




Mean Radius (A˚) 60
PDI (sig/ave) 0.2
Core Length (A˚) 28
Rim Thickness (A˚) 10
Head Thickness (A˚) 8
SLD core (A˚ 2) 7.2x10 6
mol frac H2O in face 0.57
mol frac H2O in belt 0.5
SLD solvent (A˚ 2) 9.46x10 6
Charge 39
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2.6.3 Stopped flow analysis
Stopped flow experiments were performed on D33 and SANS2d. A general ex-
perimental set up is showed in figure 2.12. The stopped flow apparatus was a
commercially produced unit made by BIO-LOGIC, model SFM-400, modified to
hold a quartz cuvette for SANS measurements.
Figure 2.12 Schematic of a stopped flow set up
Stopped flow was also used for experiments following changes in the fluorescence
of tagged lipid vesicles interacting with the polymer.
In figure 2.12 ia schematic of the stopped flow setup used for both fluorescence
and neutron experiments is shown. A and B are the cuvettes where the sample
solutions are loaded. The desired solutions are pushed from the reservoirs, re-
spectively, into the mixer chamber M where they are mixed before passing into
the measurement cuvette. The incoming radiation source from (S) hits the mixed
sample in the cuvette (A+B) and goes to the detector (D). In order to fit the
scattering patterns of the DMPC vesicles formed in the stopped flow experiment,
the data were fitted using a 3 shell polydisperse hollow sphere model. A schematic
of the model and the fitting parameters are reported in figure 2.13 and table 2.6
respectively. The vesicle model was summed with a disc model and most of the
parameters were held constant. The ratio of the two models were analysed to
determine how the concentration of both species changed with time.




Core PDI (sig/ave) 0.3
Core SLD (A˚ 2) 6.3x10 6
Head Thick(A˚) 10
Head SLD (A˚ 2) -4x10 7
Tail Thick(A˚) 28
Tail SLD (A˚ 2) 7.2x10 6
Solv. SLD (A˚ 2) 6.3x10 6
Bckg (cm 1) 0.001
Table 2.6 Pathree shell model parameters Figure 2.13 Three shell modell scheme
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2.6.4 Reflectivity analysis
Reflectivity data were analysed using either MOTOFIT [87] by the candidate or
RasCAL [88] with the assistance of Dr Stephen Roser as will be explained in the
next paragraphs.
MOTOFIT
The Motofit software is developed by Dr Andrew Nelson and implemented in
IGOR Pro. In order to fit reflectivity data this software uses the Abeles matrix
method which calculates the reflection of a source from a multilayer surface.
Each layer is approximated to be smooth and with a characteristic SLD. The
mathematical development of this method is given in references [75, 87, 89].
With this method implemented into Igor Pro it is possible to model the system
by subdividing it into several layers, each of which has an associated surface
roughness, SLD, thickness and a hydration percentage. The hydration percentage
is implemented into the model and calculated as reported in equation 2.21 For
our purpose the lipid monolayer has been divided in two layers: one models the
head groups, whereas the other models the tails. This is a good approximation
due to the pronounced di↵erence in the SLDs for the head and tails (1.6x10 5
A˚ 2 and 8 x10 5 A˚ 2 respectively). The SLD of the layer is calculated as a linear
combination of the SLD of the species itself and the SLD of the solvent used that
penetrates into the layer:
⇢layer = ⇢dryxdry + ⇢solvxsolv (2.21)
where ⇢layer is the e↵ective SLD of the layer, ⇢dry is the SLD of the “dry” layer and
⇢solv is the SLD of the solvent used. x is the mole fraction for each component.
RasCAL
RasCAL is a software developed for the fitting of reflectivity data from either X-
ray and neutrons. It is implemented in Matlab and fits reflectivity patterns using
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a SLD distribution defined by a sum of Gaussians. The model implemented to fit
the data used the scattering length and the molecular volume for each component
of the layer. Similar to MOTOFIT, the hydration of the layer was included in
the model along with the tilt of the lipid tails in the monolayer.
2.7 Dynamic light scattering (DLS)
Dynamic Light Scattering (DLS) is commonly used to detect the particle size
of sub-micron particles in a solution [90]. Due to its non-invasive nature, this
technique is often used to analyse biological samples and inorganic nanoparti-
cles [91–93]. In addition, the absolute scattered intensity (averaged over time
or frequency) provides information about the mass or molecular weight of the
scattering objects [94].
When the radiation hits the sample it is scattered from the particles in the solution
and goes to the detector. Fluctuations in the scattered light signal are due to the
movements of particles in the medium [95] . In order to analyse the data, it is
assumed that the particles follow a Brownian motion movement [96], also called a
Random walk . The second assumption for the data analysis is that the particles
in solution behave like hard spheres. A typical set up for a DLS experiment
is reported in figure 2.14. A laser produces the incoming light that hits the
sample. The light is scattered and is collected at 173  by a photon counting
device. The detector sends the signal to a correlator device which returns a
correlation function by which decay is related to particle size; the smaller the size
of the particles, the higher the decay rate (figure 2.14-b).
In general an autocorrelation function is defined as the correlation of a signal
with itself, in other words it is the similarity between 2 functions delayed in time
with each other. For a short time, it is assumed the function is highly correlated,
but it will not be correlated for long range of time. The correlation function [97]
(equation 2.22) is described with an exponential decay for monodispersed particles
is undergoing Brownian motion, which depends on the di↵usion coe cient as
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Figure 2.14 Schematic of DLS setup









When a DLS measurement is performed it measures the translational coe cient
di↵usion co cient of the particles. This, using the Stokes - Einstein equation, is





where D0 is the di↵usion coe cient, T is the temperature, ⌘ is the viscosity of
the solution and d is the particle hydrodynamic diameter. This is bigger than
the actual diameter of the particle due to the hydration shell around the particle
(figure 2.15).
The hydration shell is influenced by factors such as the ionic strength of the
solvent or the chemistry of the polymer on the surface of the particle. Figure
2.15 shows how the hydrodynamic size of the particle changes with ionic strength
and with di↵erent surface environment. Measurements were undertaken on a
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Figure 2.15 Schematic of hydrodynamic diameter changing
with electronic double layer (a) and (b) and with the nature of
the surface (b) and (c)
Malvern Zetasizer Nano ZS. The incoming radiation from a He-Ne laser has a
wavelength of 633 nm and a detector that operates at an angle of 173  . The
software used to collect and analyse the data was the Zetasaizer Software version
7.11 from Malvern. 50 µL of each sample was measured in disposable polystyrene
cuvettes with a pathlength of 10 mm.
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2.8 Nuclear magnetic resonance (NMR)
This technique uses the electromagnetic radiation absorbed or emitted from the
system under investigation when this is placed in an external magnetic field. Since
the intensity (I) of the radiation absorbed depends on the spin quantum number
(I) of the atom present (equation 2.25), a prerequisite to be able to study a
sample using NMR is that it must have a nuclear spin, this means that the nuclei





I(I + 1) (2.25)
Since nuclei possess electric charge as well, they also produce a magnetic
moment vector µ (equation 2.26)
µ = gN NI (2.26)
where gN is a dimensionless constant and  N is the so-called nuclear magneton
which is a constant equal to 5.051x10 27J/T. When there is no magnetic field
applied, the nuclear spins are randomly distributed in space and possess the same
energy. When a magnetic field is applied, this condition is lost and an energy
splitting in the levels occurs as shown in figure 2.16.
Figure 2.16 Splitting of the energy levels of the nuclei when
they are exposed to a magnetic field
In a molecule nuclei are shielded by the electrons orbiting around them. The
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Figure 2.17 Common shifts for protons in 1H NMR
moving electric charge of the electrons produces a magnetic field opposed to the
magnetic field applied. Then the e↵ective magnetic field Beff is:(equation 2.27)
Beff = B0(1   ) (2.27)
where   is the chemical shift. The energy gap due to the energy spitting  E
will depend on Beff (equation 2.28)
 E = gN NB0(1   ) (2.28)
In order to make the measurement independent from the magnetic field used,
a standard is used to calibrate the instrument. For 1H NMR tetramethylsilane
(TMS) is typically used. The value arising from comparison of the unknown
species investigated to the signal from TMS leads to a dimensionless value, the
so-called chemical shift   (equation 2.29)
  = ( TMS    ) · 10 6 (2.29)
The most common chemical shifts relative to TMS for protons in organic func-
tional groups are reported in figure 2.17.
In this work 1H NMR was used to characterize the monomer conversion and
the ratio of styrene to maleic anhydride in polymers synthesised in the project.
Samples were made up by dissolving the polymer powders in d-acetone with a
concentration of 15mg/mL. Samples were run on a Bruker 300 MHz Avance NMR
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spectrometer.
2.9 Size exclusion chromatography
Size exclusion chromatography, as the name suggests, separates the components of




Depending on the mobile phase chosen for the experiment, the technique changes
name: gel permeation chromatography (GPC) for organic solvent or gel filtra-
tion chromatography (GFC) for aqueous solutions. GPC is more often used to
study polymeric molecular weight distributions, while GFC is used more for the
separation of structures soluble in aqueous solutions, such as membrane proteins
or biological systems. The first eluted particles are the biggest and these are
followed by the smaller. This because the bigger particles cannot get into the
pores in the stationary phase, in contrast the smaller particles spend more time
in the pores with the result that they have an increased elution time. A schematic
representation of this technique is reported in figure 2.18
In GPC or GFC experiments, the stationary phase is equilibrated with the mobile
phase, which fills the pores in the column. The sample is then injected into the
column and, from a previous calibration, from the elution time, the molecular
weight of the polymer can be calculated. Unless the unknown polymer is the
same as the polymer used for the calibration, the GPC analysis of molecular
weight is a relative measurement. Correct choice of the solvent is crucial to
achieve a meaningful result. In general, the solvent should not itself interact with
the column, should be able to dissolve the sample and should not lead to an
interaction between the sample and the column. If the sample is not soluble in
a solvent, it is possible to increase the temperature to help it dissolve. During
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Figure 2.18 Schematic of size exclusion chomatography appa-
ratus
the measurement many factors can influence the analysis: the temperature, pH,
particle size, particle size distribution, flow rate and viscosity either of the sample
or the bu↵er. When the sample is eluted, an instrument to follow the elution of
the sample is needed.
In this work, SMA was synthesized and characterised by GPC. The instrument
used was a 1260 GPC/SEC MDS from Agilent. The separation was done using
two columns PL HFIPgel 300x7.5 mm with a guard column PL HFIPgel 50x7.5
mm. The mobile phase is GPC-grade THF flowing at 1 mL/min. The detection
was done using a di↵erential refractive index detector. The columns and the
detectors are maintained at 35 C. The column calibration is done using a set of
polystyrene samples of known molecular weight. Even though the standard is
not the same as the polymer analysed, polystyrene standards are often reported
in literature for the analysis of the molecular weight of poly(styrene-co-maleic
anhydride) co-polymers [100, 101]. Most of the time the detection instrument
associated with the GPC instrument is a spectrophotometer.
Gel Filtration Chromatography was also used to purify nanodiscs from the excess
of polymer. The instrument used was a GE health care AKTAprime plus, the
column used was a Superdex 10/300. The instrument is equipped with an au-
tomated fraction collector. The sample was injected using a 5mL loop. UV-Vis
detection at 254 nm allowed the identification of aggregates containing styrene.
To ensure the fractions contained similar sized aggregates, fractions were col-
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lected and analysed with DLS prior being mixed together and concentrated. The
final concentration of the sample was detected with UV-vis. Due to the low con-
centration of the solution after purification through the column, the sample was
centrifuged using a spin concentrator (MW cut o↵ 10KDa). When used for SANS
experiments, the sample was dialysed against the desired bu↵er. The concentra-
tion of the polymer was estimated afterwards by UV-Vis. An UV-spectrum is
acquired before the gel filtration process. After gel filtration values for absorbance
were considered acceptable if they had a value within 1/3 of the initial value.
2.10 Surface tension and Langmuir trough
Surface tension is the phenomenon that arises due to cohesive forces among
molecules in a solution. Molecules at the interface will bind more strongly with
each other due to the lack of molecules surrounding them. This stronger inter-
action creates at the interface a sort of film, the strength of which is measured
in mN/m [102]. When a species is at the interface the cohesion between in-
terfacial molecules changes. In this project, surface tension measurements were
undertaken to study the hydrophobicity of the copolymer in solution using the
Du Nou¨y method [103, 104] or a Wilhelmy plate [105]. In this experimental set
up a ring is immersed in the solution. The force measured is the force that the
apparatus needs to lift the immersed ring through the surface. Equation 2.30





where F is the force in mN, ri and ra are the inner and outer radius of the ring and
  is the surface tension in mN/m. A schematic representation of the apparatus
is reported in figure 2.19.
For the measurement, a 40 mL vessel was used. Since the measurement is sen-
sitive to any impurity, both the vessel and the ring were washed with water and
ethanol and then flamed to remove any organic impurity. This procedure was
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done twice. The surface tension of water was then run as a standard. In the case
of disagreement between the values obtained and literature the cleaning procedure
was repeated.
Surface tension is related to surface pressure as described in equation 2.31
⇧ =  0     (2.31)
where  0 is the surface tension of the pure subphase and   is the surface tension
of the interface when the analyte is spread at or has di↵used to the interface.
This is usually done using the Wilhelmy plate [105]. In this project a Langmuir
trough and Wilhelmy plate were used to study the di↵usion of the polymer to
the interface under a lipid monolayer. The insoluble lipid monolayer was spread
on the surface of the trough from a 0.5 mg/mL solution in chloroform and the
polymer solution injected underneath. (See chapter 5 section 5.3 for details).
In this project, surface tension measurements with use of a Du Nouy Ring were
undertaken on on an Attension Force Tensiometer Sigma 700/701. The Langmuir
trough used was a NIMA technology trough type 611.
Figure 2.19 Schematic of a surface tension apparatus
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2.11 Fourier transform infrared spectroscopy
Fourier Transform Infrared Spectroscopy (FTIR) is a spectroscopic technique that
uses light that has wavenumbers with an energy between 4000 and 400 cm 1. The
incoming radiation is absorbed by the particles and promotes transitions in the
vibrational energetic level [106]. The wavenumber is related to the wavelength of





The incoming radiation interacts with the dipole moment of the molecule which
is connected to the moieties in the organic molecules and does not change, apart
from a slight shift occurring due to the chemical environment that can increase
or decrease the energy gap between the vibrational modes. So FTIR is used to
characterize the organic molecules and their functional groups. In a molecule,
each atom can move independently from each other in a three-way oscillation.
A pictorial representation of the vibrational mode of a triatomic molecule is
represented in figure 2.20
Figure 2.20 Pictorial representation of vibrational modes of a
molecule
In this work, FTIR was used to check the successful hydrolysis of the polymer
and to check the conversion of the anhydride group to imide when SMA was
converted to SMI. The sample was measured by placing the polymer powder on
the glass sensor. The spectrometer used was a Perkin Elmer Spectrum 100 Series
FT-IR spectrometer at the University of Bath. A pictorial representation of the
instrument is reported in figure 2.21.
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Figure 2.21 Schematic of FTIR instrument
2.12 Fluorescence
Fluorescence is a reversible process that involves three stages where radiation is
first absorbed and then emitted from a sample. The phenomenon is governed by
three laws:
• Kashas’s rule [107]: The fluorescence emission occurs from the lowest ex-
cited state
• Stokes’ shift [108]: The emitted light has less energy than the excitation.
• Mirror Image Rule [108]: This law is related to the Frank-Condom principle
and states that the emission spectra give information on the energy level of
the ground state.
The incoming light is adsorbed from the sample only if the incoming photon
energy is equal to the energy gap between the ground state and the excited state.
When the system achieves the excited state, at the vibrational level v⇤ = n, it
will relax through non-radiative processes to v⇤ = 0. At the lowest energy level
of the excited state the system will release the absorbed energy. This emission
process is called fluorescence [108]. The process is represented in figure 2.22
To perform the fluorescence measurements a Horiba FluoroMax 4 spectrometer
was used. A schematic of the instrument is reported in figure 2.23. The excitation
light is emitted by a neon lamp. The light produced goes through a monochroma-
tor and hits the sample. The intensity and the monochromaticity of the radiation
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Figure 2.22 Schematic of the absorption and emission of a pho-
ton for a fluorescence process
Figure 2.23 Schematic of fluorimeter
is regulated through slits with variable aperture. Once the sample is hit by the
radiation, it emittes radiation isotropically, i.e. in all directions equally. Even
though a few fluorphores have a quantum yield close to unity, fluorescence is not
usually an intense emission. For this reason the radiation is collected at 90 , so
that the excitation light does not influence the measurement and the fluorescence
can be detected.
For the measurements in chapter 5, 0.4 mL of solution containing vesicles contain-
ing fluorescently labelled lipids were injected and mixed with 0.4 mL of polymer
to give a final concentration of 1.5 wt.% polymer and 0.5 %wt of lipid. The ex-
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periment was followed between 0 and 0.2 seconds (1000 points) and between 0.2
and 20 sec (1000 points). 8 repeats for each experiment were run and averaged.
A quartz cuvette of 1 cm path length was used. The experiment was carried out
at 25 C. The schematic of the experimental set up is similar to that described in
2.6.3.
2.13 Experimental procedures
In this section the general sample preparation and solutions used in chapters 3,
4 and 5 will be discussed.
2.13.1 Bu↵er preparation
Bu↵er solutions are often used in chemical and biological environments to main-
tain a constant pH even during the addition of acids or bases to the solution.
Depending on the polymer used (SMA or SMI), two di↵erent bu↵ers were used
to ensure the polymer was ionized and thus soluble. Bu↵ers were made at di↵erent
pH and at several salt concentrations.
Salts added to the bu↵ers in this project, their supplier and purity of the chemicals
are listed below:
• Sodium chloride (NaCl, BioXtra,   99.5%, Sigma Aldrich)
• Calcium chloride (CaCl2, BioXtra,   99.5%, Sigma Aldrich)
• Magnesium chloride (MgCl2, BioXtra,   99.5%, Sigma Aldrich)
• Magnesium sulfate (MgSO4, BioXtra,   99.5%, Sigma Aldrich)
• Sodium bromide (NaBr, BioXtra,   99.5%, Sigma Aldrich)
The table 2.7 reports the pH and concentration of the salt used.
The following procedures were used to make acetate bu↵er (ABS) and phosphate
bu↵er solutions (PBS):
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Table 2.7 Summary of the pH and salt concentration used.
Kind of Bu↵er pH Strength (mol/L) Salt Concentration (mol/L)
Acetate 4 & 5 0.05 0, 0.05, 0.1, 0.2, 0.5, 1, 2
Phosphate 8 0.05 0, 0.05, 0.1, 0.2, 0.5
• Acetate Bu↵er: To make an Acetate Bu↵er Solution (ABS) at pH=5, at
strength of 50 mM two solutions of glacial acetic acid (AcOH, Aldrich,
 99%) and sodium hydroxide (NaOH,BioUltra,   98.0% ) with a concen-
tration of 50 mM were made. Sodium hydroxide reacts with the acetic acid
in a ratio 1:1 forming the sodium salt of acetic acid. To make 2L of acetate
bu↵er at pH=3.5, 1.894 mL of 50 mM acetic acid was mixed with 106 mL
of 50 mM sodium hydroxide. The bu↵er pH was adjusted with a pH-meter,
METTLER TOLEDO. To make ABS at pH=5, 1.280 L of acetic acid was
mixed with 0.720 L of sodium hydroxide with both at a concentration of
50 mM. Once a large amount of bu↵er was made, the solution was por-
tioned in several aliquots and sodium chloride was added to make di↵erent
concentrations of the salt at the same bu↵er strength.
• Phosphate Bu↵er Solution (PBS): To make PBS, two solutions of 0.2M
of sodium phosphate monobasic (NaH2PO4,  99.0%, Sigma-Aldrich) and
sodium phosphate dibasic (Na2HPO4, BioXtra,  99.0%) were made. 5.3
mL of 0.2M NaH2PO4 solution was mixed with 94.7 mL of 0.2 M Na2HPO4
solution and diluted to 400 mL to obtain a strength of 50 mM. The solution
was portioned into several aliquots and salt was added to make di↵erent
concentrations of the salt at the same bu↵er strength.
2.13.2 Making nanodiscs
A standard preparation to make nanodiscs was made as follows:
5mg of DMPC purchased from Sigma-Aldrich (99% pure) were suspended in 0.77
mL of bu↵er (prepared as described above). The choice of the bu↵er depends on
the characteristics and the solubility of the polymer that was used. The solution
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Figure 2.24 Chemical structure of (a) DMPC and (b) DMPG
was sonicated in a water bath (Fisherbrand FB 11020) for about 20 minutes until
a cloudy homogeneous solution was obtained. A 0.23 mL of a 6.5% wt solution of
a polymer in the same bu↵er was added to this solution. The solution instantly
turns clear, suggesting that the phospholipids in solution are incorporated into
nanometer size structures which no longer scatter light. The final concentration
of the solution was 1.5% wt of polymer and 0.5% wt of lipids. The nanodisc
solutions were usually prepared at least 12 hours before use.
In order to mimic the complexity of the cell membrane, DMCP and DMPG
mixture were used in some experiments. In order to make those samples, two
separate solutions of di↵erent lipids were made, and the lipid suspensions were
mixed in the ratio desired, such that the final concentration of the lipids remained
0.5%wt. Structures of the lipids used are reported in figure 2.24.
Gel filtration
Gel filtration was used to purify nanodisc samples and remove the free polymer
from the solution. Nanodiscs were made following the procedure in section 2.13.2
and left equilibrating overnight. While nanodiscs are equilibrated, bu↵er is run
through the column for 1.5 time the volume of the column. The sample is then
manually injected and run through the column. An autosampler made of 100
tubes collected the sample each 5 mL of eluted volume.
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Figure 2.25 structural formula of (a) FPE and (b) di-8-
ANEPPS
2.13.3 Making FPE/Di-8 Anepps vesicles
Studies of the interaction of phospholipids with polymers using fluorescence was
carried out for di↵erent lipid compositions in the vesicles and di↵erent polymers.
The styrene-maleic acid copolymers used were either the commercial SMA2000P
(6.4 KDa 2:1 ratio styrene:maleic acid) or a SMARAFT copolymer synthesised at
the University of Bath (6KDa, 2:1 ratio of styrene:maleic acid). For the following
experiment lipid liposomes composed of either 100% of DMPC or 80%DMPC-
20%DMPG (DMPC80DMPG20) were used. Phospholipids were purchased from
Sigma ( 99 % purity) and used as received.
Liposomes were made at a stock concentration of 13 mM and further diluted and
used for experiments at a concentration of 400 µM. The first step was make a
solution of phospholipid in chloroform and let this dry until a thin film is made.
This was rehydrated with bu↵er in order to get a solution of vesicles with a
concentration of 13 mM. Four freeze-thaw cycles were then done in order to get a
monolamellar vesicle sample which was then extruded using a 100 µm membrane
to obtain a monodisperse sample. Liposomes were tagged with either FPE or Di8
(figure 5.2) and incubated at 25 Cfor 24 hours before being used. The size of the
vesicles were checked using DLS and they did not change over time until 30 days.
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Chapter 3
SMI stabilised nanodiscs
In this chapter the stability of poly(styrene-co-maleimide) copolymers and their
ability to form nanodiscs at acidic pHs will be discussed. The chapter is divided
into two parts. In the first part the stability of the polymer in solution alone
is considered. In the second part of this chapter the lipid-polymer aggregates
are discussed. The morphological analysis of both the polymer and the lipid
aggregates has been carried out using small angle scattering techniques.
3.1 Introduction
In the last few years, much e↵ort has been invested in the use of poly(styrene-co-
maleic acid) (SMA) by the biology community to immobilise membrane proteins.
[44, 109, 110]. However poly(styrene-co-maleimide) (SMI) is also a potentially
interesting copolymer for the formation of nanodiscs since it carries a positive
charge rather than the negative charge of SMA. The physical properties of SMI
also lead the polymer to be suitable for biological applications. One such example
includes the increased solubility of SMI at lower pH compared to SMA, which
is not soluble at pH lower than 8. A polymer that is soluble at lower pH would
allow the extraction of proteins that have an isoelectric point in the pH range
between 4 and 6. [111, 112]. Moreover, poly(tertiary) amines have been widely
investigated from the structural point of view since they can undergo a completely
reversible conformation change given the protonation state of the tertiary amine
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group. The protonation process is reported in figure 1.9. Indeed, despite the
overall positive charge on SMI it does not precipitate following the addition of
a divalent cation to the system. This gives an advantage for SMI over SMA
since SMI is not influenced by the presence of CaCl2 which is commonly found
in biological solutions. The molecular structure for poly(styrene-co-maleimide)
is reported in figure 3.1. Commercial names for this polymers are SMA1000I,
SMA2000I and SMA3000I where the molar ratio of styrene to maleimide is equal
to one, two or three, respectively. To avoid confusion with the name of the others
copolymers made of styrene and maleic anhydride, in this thesis this copolymer
will be named SMI1000, SMI2000and SMI3000, respectively. Values for molecular
weight (Mw), molecular number (Mn) and polydispersity index (PDI) are reported
in table 3.1
Figure 3.1 SMI molecular structure














1:1 SMA2000I SMI1000 2000 5500 2.75
2:1 SMA2000I SMI2000 3000 7500 2.5
3:1 SMA2000I SMI3000 3800 9500 2.5
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3.2 SMI characterisation
The commercial SMI copolymers used in this work were kindly supplied by Cray
Valley. Only one batch of each copolymer was used for the entirety of this thesis.
In order to use the SMI copolymer, the ternary amine needs to be protonated
as reported in figure1.9 to be water soluble. To achieve a final concentration of
13%wt of polymer in solution the following formula 3.1 was used to calculate the





Table 3.2 Polymer index and amount of polymer and acid used
for the solubilisation of the resin
Polymer Index H2O (mL) AcOH (mL)
SMI1000 3.15 6.746 0.902
SMI2000 2.50 6.942 0.712
SMI3000 2.05 7.077 0.587
where mLacid is the volume of acid used (mL), SMIwt is the weight percentage
of the polymer in solution (g/mL), AcidMW is the molecular weight (MW) of
acid used and Acidconc is the concentration of the bulk acid solution used to
dissolve the resin. SMIindex (meq/g) is a parameter specified by the company and
depends on the resin dissolved. These values were obtained from the supplier
and are reported in table 3.2. The standard procedure for solubilisation and a
list reagents used is reported next.
For a typical solubilisation of the polymer, the as-supplied polymer resin was
initially ground in a pestle until a fine powder was obtained. 6.75 mL of MilliQ
water (18.2 M) from ELGA PURELAB ultra was stirred before adding 1 g of
resin. The solution was continuously stirred for 15 minutes after which 0.9 mL
of glacial acetic (Aldrich,  99%) was added. The temperature was then raised
to 60 C and left under reflux for 4 hours to fully protonate the polymer. The
solution was cooled in a water bath. The pH of the final solution was 5 as tested
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using pH paper. The stock solution (13% wt) was then diluted and used without
further purification. The same procedure was also followed to solubilise SMI2000
and SMI3000. Di↵erent amounts of H2O and AcOH were used to dissolve these
polymers when compared to SMI1000as reported in table 3.2. Once the polymer
was dissolved, the solution was stored in the fridge at 4 C. Before starting the
characterisation of the phospholipid structures, an analysis on the polymer alone
was carried out.
3.2.1 pH working range
All the polymers (SMI1000, SMI2000 and SMI3000) were titrated in order to find
the variation in the polymer solubility. Two di↵erent methods were used: manual
titration and an automated titration using DLS. For the latter method a 0.5%
wt polymer solution in water initially at pH=4 was titrated with 0.1M NaOH
solution. The pKa was determined from the graph (figure 3.2a). The values
obtained for the di↵erent polymers are slightly di↵erent: 6.8, 6.4 and 6,1 for
SMI1000, SMI2000 and SMI3000 respectively. In fact, depending on the hypercoiled
structure of the polymer in solution, the amine group will be more or less exposed
to the protons. This results in a change in the pKa [113]. This is in agreement with
the fact that SMI2000 and SMI3000 have a higher hydrophobic to hydrophilic ratio
compared to SMI1000. As shown in table 3.1, the ratio of styrene to maleimide
is of 1:1, 2:1 and 3:1 for SMI1000, SMI2000 and SMI3000, respectivelly; the higher
percentage of styrene results in those polymers being more hydrophobic. The
polymer reorganises its structure in an aqueous solution in order to minimize the
contact of the hydrophobic parts with water so that fewer acid groups will be
available for protonation [113]. The hydrophobic part will reorganise in order
to minimise the contact with water. Adding NaOH to the solution causes the
positive charge of the polymer to be neutralised. Microdomains of positively
charged amines will form in order to have as many positively charged groups on
the structure surface as possible. This reorganisation of charges leads the polymer
to be soluble below the pKa as shown by the transition point in figures 3.2b. The
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titration curves are reported in figure 3.2a. Automated titration of the polymer
was followed using a Malvern Nano ZS instrument and is depicted in figure 3.2b.
Here the size of the polymer in solution is followed with changing pH. As the
charge on the polymer is decreased the polymer becomes less soluble, and thus
form larger aggregates.
(a) pH meter titration
(b) DLS titration
Figure 3.2 Titration of SMI1000 and SMI2000 using (a) pH-
meter and (b) ZS nanosizer autotitrator
From figures 3.2a and 3.2b it is possible to note increasing Z-average and intensity
values for pH > 7.5, which indicates an aggregation of the polymer into a larger
macromolecular structure. Upon increasing pH, the amine group is deprotonated
and the resulting polymer becomes insoluble. This visibly manifests in a change
to a cloudy consistency of the solution. This process is reversible as shown in
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figure 3.2b. The blue data points show the titration of the same polymer solution
from alkaline pH to acidic pH. The structure returns to the original size for pH
lower than the pKa. A di↵erent transition point is revealed by the two di↵erent
methods. Even though the polymer is above its pKa at values of pH > 6.5 the
solubility of the polymer up to pH = 7.5 allows for experiments to be carried out
at pH up to 7. When the titration with acid is done using the DLS instrument,
the transition point occurs at higher pH. This is explained by the presence of
microdomains where the protonated uncharged moieties make the core of the coil
and the still available protonated amine makes the polymer soluble in solution.
The transition point found with DLS matches the plateau of the titration car-
ried out with the pH meter, which indicates a fully unprotonated polymer [113].
A similar behaviour has been reported in the literature for diethylaminoethyl
methacrylate, a weak poly base which is protonated at pH over 7.1. For more
alkaline pH this polymer arrange in a micellar structure made of chains collapsed
together [114].
3.2.2 pH and salt e↵ects on SMI in solution
SMI copolymers were analysed under di↵erent pH conditions whilst keeping the
bu↵er concentration constant at 50mM. The pH range was varied between 3.5
and 7.
DLS analysis
The solution properties of the polymer were analysed at di↵erent salt concentra-
tions using either SAXS (B21 beamline at Diamond, RAL), SANS (SANS2D at
ISIS) or DLS. The procedure for preparing the bu↵er and salts used is reported
in section 2.13.1. The co- and counterions were changed in order to evaluate the
stability of the system under di↵erent salt conditions. This parameter is funda-
mental when studying biological systems. Several kinds of salts are present in the
bloodstream as well as and in the inside and outside of the cell membrane. Their
di↵erent concentrations inside and outside the membrane is responsible for the
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electrostatic membrane potential [115]. It is important to study the independent
system, in our case the polymer itself, and its range of stability before applying it
to a more complicated structure. Indeed, the requirment for the stability of the
system studied varies as a function of the final application. In the case of drug
delivery systems it is important to have structures that can be disrupted in order
to realese the drug. pH responsive polymers are used for this purpose [116, 117].
In our case, since we want the polymer to encircle lipids and proteins to stabilise
them, our purpose is to find the range of stability for which the polymer on its
own does not precipitate out of the solution. Therefore an in depth analysis of
the polymer in di↵erent conditions has been carried out in order to check the sta-
bility and the working range at which the polymer can be used without causing
precipitation
In order to correlate the conformation changes of the polymer changes with the
physico-chemical characteristics of the nanodiscs, the polymer was dissolved in
solutions containing the same amounts of salt using the same bu↵er strength at
the same pH (3.5 and 5) used to make nanodiscs. The graph reported in figure
3.3 shows DLS measurements for the SMI polymers dissolved at di↵erent salt
concentrations at pH=5.
Looking at the intensity graphs, SMI1000 presents polymer aggregates with a size
around 400 nm. Even though the DLS measurements give the hydrodynamic
radius, which consists of the particle and its solvation shell rather than the true
radius of the dissolved samples, a trend is still visible where the smaller structures
are getting bigger as the salt concentration is increased, whereas the structures
around 400 nm are not changing in size but they do decrease in intensity. The
change in size of aggregates containing charged species upon increasing salt con-
centration has been studied in the literature for a wide range of soft matter com-
pounds, from surfactants [118–120] to polyelectrolytes [121, 122]. For the case of
polyelectrolytes, the chain usually adopts a Gaussian coil conformation for ideal
dilute solutions. Electrostatic charges on the corona repel each other causing a
certain sized structure to be formed. When salt is added to those solutions, the
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(a) DLS volume
(b) DLS intensity
Figure 3.3 DLS measurements plotted as intensity or volume
percent vs hydrodynamic diameter carried out for a 1.5%wt so-
lution of polymer using acetate bu↵er at pH=5, varying concen-
tration of NaCl as reported in above for (a) SMI1000, (b) SMI2000
and (c) SMI3000.
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charges are screened and a shrinkage in the radius is detected because of the
neutralization or reduction of the charge on the polymer moieties [123]. How-
ever, DLS measurements throughout this thesis were run at high concentration
(1.5% wt). At these concentration polymers do not arrange in a Gaussian coil
distribution. Due to the hydrophobicity of the polymer, at 1.5 % wt the polymer
is likely to be arranged in a supramolecular structure rather than as a Gaussian
coil. Studies of block copolymers have been carried out extensively, for example,
by Borisov and his collaborators, as a function of salt concentration [124]. The
commercial SMI studied here, however, has a more complicated structure than
a block copolymer. SMI is commercially produced from the commercially avail-
able SMA. This leads the SMI to have the same random structure of the carbon
backbone as for SMA. Further discussion on the moieties distribution along the
SMA backbone is reported in chapter 4. The random distribution of hydrophobic
and hydrophilic moieties along the polymer chain potentially leads this system
to show a di↵erent behaviour. The hydrophobic part of the polymer will tend to
minimise the contact with water making a structure similar to a micelle. The neu-
tralisation of the charges induced by the salt, along with the hydrophobic e↵ect of
the polymer, is likely to cause aggregation of the polymer in solution, as observed
experimentally by the precipitation of the SMI3000 at a lower salt concentration
when compared to SMI1000 and SMI2000. As discussed before, SMI3000has a higher
hydrophobicity and precipitated at a concentration of salt where the other two
formed stable aggregates concentration of salt where the other two formed stable
aggregates, e.g. SMI3000 precipitated at 0.2 M NaCl concentration. For con-
centrations up to 2 M NaCl however, SMI1000 is still soluble whereas SMI2000also
precipitated. For SMI3000 precipitation occurs even at a NaCl of 0.2 M concentra-
tion. Moreover the solutions of SMI3000were unstable over the period of one day.
For this reason, no further characterisation for other salts has been carried out for
SMI3000. The experimental observation of SMI1000 getting smaller with increasing
salt concentration it is not completely clear. Firstly, the polymer concentration
at which DLS measurements were run are not ideal. Moreover, the DLS results,
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as presented in this thesis, were not analysed further than the automatically pro-
duced results from the Malvern Instrument software. The software assumes that
the particle is spherical and calculates the hydrodynamic diameter accordingly.
However, as previously discussed, the high concentration of the polymer leads
the chains to aggregate not in a Gaussian coil and thus this assumption might be
invalid. As a consequence, 400nm may not be the real size of particles in solution.
However, for the purpose of this thesis, qualitative results show structures which
reduce in radius upon the addition of salt.
SMI1000 is the co-polymer that has the highest hydrophilic to hydrophobic ratio.
Hydrophilic moieties (charged tertiary amines) allow a stretched conformation
in water. Along with the hydrophilic e↵ect, however, the polymer experiences
the hydrophobic interaction of styrene moieties among polymer backbones. The
ratio close to 1:1 of hydrophobic and hydrophilic moieties, along with the ran-
dom distribution of styrene and maleimide moieties, causes an uncharacterised
structure in solution. In the case of SMI2000 and SMI3000, the hydrophobic to
hydrophilic ratio is higher. The higher hydrophobic e↵ect leads the chain to have
a collapsed structure even though charges on the surface are not shielded. When
salt is added to these two copolymers, chains behave more like block copolymer
with a micellar structure reported in literature.
As a concluding remark for the behaviour of SMI1000, SMI2000 and SMI3000, it can
be stated that further studies must be carried out in order to fully understand
the aggregation of SMI1000 at low concentration of salt. SMI1000 and SMI2000,
however, have been further investigated in the presence of di↵erent anion/cation
since they have shown a stable response over a wide range of pH and concentration
of salt. On the other hand, SMI3000 will not be discussed further in this thesis
because it has shown poor stability at concentrations of salt higher than 0.2M
inserted a new section to discuss NaBr and CaCl2
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3.2.3 Hofmeister serie: counter ion e↵ect
DLS measurements were also carried out for SMI1000 and SMI2000 using CaCl2
and NaBr (figure 3.4a and 3.4b).
Other than the concentration of salt itself, co- and counter ions play a key role in
polymer self assembly. More than a century ago Hofmeister studied the influence
of salts on the conformation of proteins [125]. Their conformation and size are
a↵ected by the kind of salt as well as its concentration. For proteins it was found
that anions had a much stronger e↵ect on solubility than cation. Hofmeister
established a series of anions that that increased or decreased the solubility of
proteins. In the scientific field, this phenomena is also known as a salting in or
salting out e↵ect, respectively. The Hofmeister series is reported below from the




  < F  < HCOO  < CHCOO  <
< Cl  < Br  < NO 3 < I
  < SCN  < ClO 4
Solubility e↵ects described by this series are valid for many other fields in soft
matter such as the aggregation point of polymers, the surface tension of elec-
trolytic solutions or the mesoporous arrangement of silica templates [126, 127].
Even though, due to the complexity of systems such as polymer micelles or pro-
tein structures, it is not possible to write a general law that explains uniformly
every system, the series is still legitimate to give a rough prediction of the be-
haviour of a system. The validity of this series is due to the general laws that
control this phenomenon. For a long time, the di↵erent behaviour of supramolec-
ular structures in the presence of di↵erent anions was explained via the di↵erent
packing of molecules of water around the ion. In the biological field it is not
uncommon to find names such as structure maker or breaker, or low/high density
water to describe the interface with membranes and the e↵ect of salts [128]. In
the last decade, however, dispersion forces have been claimed to better explain
the behaviour of structures in solution in the presence of ions. Independently
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from the structure that is a↵ected (micelle, vesicle, proteins), for the anion it is
suggested that the higher the atomic number, the larger the polarisability of the
electronic cloud. This leads the system to have a di↵erent interaction with the
surrounding media through dispersion forces [127] which leads to a more e↵ective
binding of the anion on the surface of the structure.
The validity of the Hofmeister series has been validated for polymers studied
in this project as well. Figure 3.4 shows the behaviour of SMI1000 and SMI2000
in the presence of di↵erent anions/cations at di↵erent salt concentrations. The
summary graphs (figure 3.4a and 3.4b) show the values for the smaller structures
detected in solution. Errors are calculated as a standard deviation from 3 di↵erent
readings of the same sample. Values are reported in table 3.3
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(a) SMI1000 (b) SMI2000
(c) SMI1000, [salt]=0.2M (d) SMI1000, [salt]=1M
(e) SMI2000, [salt]=0.2M (f) SMI2000, [salt]=1M
Figure 3.4 Summary of DLS measurements carried out for
(a)SMI1000 and (b)SMI2000at 1.5%wt in ABS (pH=5, 50mM) with
di↵erent salt concentration. Several salts were used: NaCl (red
dot), NaBr (green square) and CaCl2 (blue triangle).
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Table 3.3 DLS values size for SMI1000 and SMI2000 at di↵erent
salt concentrations for NaCl, NaBr and CaCl2. Values reported
refer to the smaller structures in figure 3.4. The low intensity is
















0M 2.2 ±0.2 12.4
0.1M 3.7±0.2 26.8 4.1±0.1 33.4 4.0±0.1 36.4
0.2M 4.1±0.1 38.9 4.6±0.1 37.9 4.3±0.1 37.2
0.5M 4.7±0.1 49.3 5.6±0.1 59.8 5.4±0.1 36.7
1M 5.4±0.5 52.5 8.5±0.2 96.7 6.0±0.1 51.3
SMI2000
0M 4.3±0.1 82.3
0.1M 4.4±0.1 99.1 5.3±0.1 100 5.0±0.1 98.7
0.2M 6.0±0.2 93.5 7.7±0.1 98.4 6.4±0.1 96.4
0.5M 9.4±0.3 88 n/a - 8.5±0.1 100
1M 25±0.6 95.4 n/a - 15.0±0.5 99.3
Both chloride and bromide anions, as predicted from the Hofmeister series, have
a stronger binding e↵ect compared to the acetate. This was observed when a
bu↵er made at 2M bu↵er strength did not precipitate any polymer. Without
any further addition of salt to the solution, the structures for SMI2000 are bigger
compared to SMI1000, yet both of the polymers have about the same molecular
weight. The bigger size of SMI2000 is likely to be due to the higher hydrophobic
ratio compared to SMI1000. Due to this higher hydrophobic contribution, the
e↵ect of added salt is more pronounced for SMI2000. In the case of SMI2000 no
big structures were detected with DLS (figure 3.4d).The polymer, however pre-
cipitated for NaBr concentrations higher than 0.2M (figure 3.4f). This behaviour
agrees with the Hofmeister series, which predicts that bromide ions bind more
strongly to the surface. This leads to a pronounced change in conformation of
the polymer structures in solution at lower concentrations of NaBr compared to
those of NaCl. Even though the NaBr did not lead to a precipitation of SMI1000,
a remarkable increase in size is observed. The hypothesis made about big clus-
ters being disrupted by the neutralisation of counterions, is reinforced from the
behaviour that SMI1000 has in the presence of NaBr. In fact no big structures are
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detected in 1M NaBr solution for SMI1000. The stronger binding e↵ect of bro-
mide predicted from the Hofmeister series may cause the stronger interaction of
the anion with the polymer clusters, which are disrupted more easily by bromide
than chloride. Moreover, the percentage in intensity of small structures in the
presence of NaBr increases linearly with the salt concentration going from 33 to
97%. This hypothesis is validated by looking at the behaviour of the polymer in
the presence of CaCl2. The percentage intensity for CaCl2 is comparable to the
intensity observed for NaCl. This is due to the fact that SMI co-polymers are
positively charged, so just a small e↵ect on the aggregation point of the poly-
mer is detected when CaCl2 is used. This is important since it will enable SMI
to be used to extract or support membrane proteins in systems where CaCl2 is
important for the protein function or stability, such as GCPR [129, 130].
Small angle scattering analysis
Even though DLS analysis is fast and gives the hydrodynamic diameter of the
particle, it does not return structural information on the shape of the polymer in
solution. It has been shown in the literature that a structural transition from a
sphere to an ellipsoidal shape occurs increasing the salt concentration. Small an-
gle scattering data were therefore collected on solutions of SMI1000 and SMI2000 in
the presence of di↵erent salts, to determine the detailed structures of these poly-
mers in solution and the e↵ect of electrolyte concentration. Data for SMI1000 and
SMI2000 were acquired on B21 at Diamond. Scattering patterns feature present an
increasing background signal due to the increasing concentration of salt present
in solution. The background subtracted from the following data set was kept at
a sodium chloride salt concentration of 0.2M, thus the background contribution
from the increasing NaCl in solution is taken into account by using a flat back-
ground term in the models applied during fitting. The data were fitted using two
di↵erent models: a sphere model with a Schultz polydispersity distribution for
the radius and a uniform ellipsoid model, as described in 2.6.1. For the fitting the
salt concentration was set to the concentration of the bu↵er (50 mM) plus that
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of the added NaCl in each case. As an example, in a 50 mM NaCl solution, the
salt strength is considered to be 0.1M. The large amounts of salt present in these
systems means that the charge on the scattering object is largely screened so the
fit was not sensitive to this parameter and it was fitted from data at 0M con-
centration of NaCl and was set to be 39. Data from SMI2000 and SMI3000 at the
same concentration (1.5%wt) were also fitted. Parameters related to dielectric
constant, temperature, salt concentration, incoherent background, SLD of the
solvent and the polymer are reported in table 3.4 and fixed during subsequent
fitting. Scattering data and fits to these models are shown in figure 3.5.
Table 3.4 Summary of parameters used that were calculated
and hold or fitted to fit polymer scattering data using two di↵er-
ent models: a polydisperse sphere or an uniform ellipsoid. both
with a Hayter-Penfold structure factor to account for interactions
between charged objects in an electrolyte solution. (⇤)SLD cal-
culated using the NIST software [8]. (⇤⇤) SLD determined with
solvent match point.
Schultz Spheres Ellipsoid
Volume Fraction Fitted Scale Fitted
Mean radius (A˚) Fitted Rotation axis (a) (A˚) Fitted







Solvent D2O 9.46 x 10 6 6.3 x 10 6 (a)
H2O -0.54 x 10 6 (b)
SLD polymer (sphere or ellipsoid) (A˚ 2)
SMI1000 1.19 x 10 5 ⇤ 1.96 x 10 6 ⇤⇤
SMI2000 1.09 x 10 5 ⇤ 1.96 x 10 6 ⇤⇤
SMI3000 1.04 x 10 5 ⇤




Figure 3.5 SAXS patterns for (a) SMI1000, (b) SMI2000and (c)
SMI3000 solutions at 1.5% wt in ABS (ph=5, 50mM) with di↵erent
NaCl concentrations. The dashed line is the best fit to this data
using the models described in section 2.6.1
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The results for the fitting reported in figure 3.5 are summarised in table 3.5.
Errors were estimated from the changing values for parameters used for the fitting.
The error was approximated to be a value that sensitively diverts the fitting curve
from the experimental data.
Table 3.5 Fitting parameters for a model of a polydisperse
sphere fit to scattering data from a solution of SMI1000, SMI2000
at 1.5%wt run in ABS 50mM, pH=5 at several concentration of
added NaCl
SMI1000
Salt concentration 0M 0.05M 0.1M
Radius (A˚) 11.7 ±2 12.9±2 10.9±2
PDI 0.21 ±0.1 0.15±0.1 0.28±0.1
SMI2000
Radius (A˚) 16.7 ± 2 17.4 ± 2 15.6 ± 2
PDI 0.16 ± 0.1 0.14 ± 0.1 0.27 ± 0.1
Increasing the salt concentration leads to a change in the polymer shape, from a
spherical to an ellipsoidal shape. Transitions in shape upon an incresaing salt con-
centration have been previously reported in the literature by Borisov et al [121].
For NaCl concentrations over 0.2M, for both SMI1000 and SMI2000, an ellipsoid
model was used to fit the scattering data, the coe cients of which are reported
in table 3.6
SMI1000 and SMI2000 structures in ABS solution were also analysed when mixed
with NaBr and CaCl2 using SAXS. The transition from a sphere to an ellipsoid
was observed when the polymer was dissolved in the presence of NaBr and CaCl2.
In a similar manner to polymers dissolved in NaCl, a transition is present for in-
creasing salt concentration. The values for fitting the SAXS data are reported in
table 3.7 and SAXS patterns are reported in figure A.1 in section A.1. A tran-
sition from spherical micelle to elongated structures such as ellipsoids or rod-like
shapes has been widely seen for many ionic surfactant solutions [120, 131–133].
The transition is ascribed to the screening e↵ect that the salt has on the charged
headgroups in the micelle corona. Electrostatic repulsion becomes lower and
structures, in order to minimise their energy, fuse together. The e↵ect of the co-
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Table 3.6 Ellipsoid model coe cients used to fit SAXS scat-
tering from polymer solution of SMI1000, SMI2000 and SMI3000
for structures in solution with a concentration of 1.5%wt and at
several salt concentrations.
SMI1000
[NaCl] 0.2M 0.5M 1M
R(a) rotation axis (A˚) 37.3 ± 2 42.8 ± 2 69.9 ± 1
R(b) (A˚) 10.4 ±1 11.0 ± 1 12.1 ± 1
SMI2000
[NaCl] 0.2M 0.5M 1M
R(a) rotation axis (A˚) 83.5 ± 4 169.0 ± 5
R(b) (A˚) 15.6 ± 1 18.7 ± 1
SMI3000
[NaCl] 0.1M 0.5M 1M
R(a) rotation axis (A˚) 83.5 ± 4
R(b) (A˚) 15.6 ± 1
and counterion has a huge e↵ect on the size and the transition from a micelle to a
rod-like structure. Cetylpyridinium halide micelles were studied in the presence
of both both NaCl and NaBr. In a similar manner to the experiments carried out
in this work, the temperature and the concentration of the surfactant was held
constant. SMI copolymers can be compared to small molecule surfactant since
they also form micelle-like aggregates in solution. It was shown that NaBr in-
creased the micellar size of cetylpyridinium halide micelles [119]. Studies reported
in literature show that bromide is more e↵ective to cause this transition, from
a micelle to a globular structure [134, 135]. Bromide anions are less solvated
and tend to have a stronger interaction with the surface of the micelle. The
supramolecular structure changes more rapidly with increasing NaBr concentra-
tion than for NaCl [136]. Similar to the e↵ect seen in literature, for both SMI1000
and SMI2000 bigger structures were detected with either DLS and SAXS when
NaBr is used as a salt. In the same manner to the surfactants and polyelectrolyte
solutions studied in by others, a transition from a sphere to an elongated struc-
ture occurs. For NaBr containing solutions of SMI2000 the polymer precipitated
for NaBr concentrations higher than 0.2M. The higher precipitation e↵ect of the
bromide anion was also reported in literature for trimethylammonium surfactants
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[136]. When the polymer was dissolved in acetate bu↵er at the same pH no big
change in size or shape was observed when CaCl2 is used instead of NaCl. This
is not surprising since the counterion is the chloride for both salts.
Table 3.7 Fitting parameters for SMI1000 and SMI2000 fitted
to a polydisperse sphere (SMI1000 at [NaBr]=0.1 M) and to an
uniform ellipsoid. SMI1000 and SMI2000 at 1.5% wt dissolved in
acetate bu↵er, pH=5 for di↵erent salt concentrations of NaBr and










Rot Axes A 61.7
NaBr
Rot Axes B 19.3
SMI1000
0.2M 0.5M 1M
Rot Axes A 47.0 85.0 147.5
Rot Axes B 9.3 9.7 14.7
SMI2000
0.2M 0.5M 1M
Rot Axes A 47.8 93.5
CaCl2
Rot Axes B 14.2 13.7
The stability of SMI polymers in the presence of CaCl2 is a great advantage for
the membrane protein community. As discussed in chapter 1, one disadvantage of
using SMA is the precipitation caused by divalent cations due to the complexation
of the acid group (figure 1.8). As shown in figure 3.4, instead, adding CaCl2 up
to 1 M does not precipitate SMI copolymers, so they can potentially be used for
membrane protein support when CaCl2 is required.
3.3 Remarks on the properties of SMI copolymer properties 79
3.3 Remarks on the properties of SMI copoly-
mer properties
DLS measurements show that the counterion changes the properties of the dis-
solved polymer. Smaller aggregates detected in DLS matched the sizes of struc-
tures detected in small angle scattering measurements made on beam lines I22
and B21. Fitting of the SAXS patterns does not show big structures, but high-
lights only the small structures since structures shown in DLS bigger than 300
nm size are out of the detection range.
Comparing the SAXS results with the DLS measurements, the DLS returns larger
sizes for the polymer. This is in agreement with the fact that DLS measures the
hydrodynamic radius of the particle in solution, whereas SAXS measures the
unsolvated size of the particle. In the case of the ellipsoidal structures, though,
DLS has a smaller size. This is again due to the way the instruments works: DLS
analyses data on the assumption that the sample is made of spherical particles.
The sizes are averaged over all the possible orientations. The rotational axis, for
example, for SMI1000 at 1 M CaCl2 has a radius of 147 A˚, so the overall size of this
particle should be 147x2=294 A˚= 29 nm. The smaller rotational axis though,
is 14.7 A˚. Due to the averaging over all the possible orientations, the size found
with the DLS of 6 nm is not unrealistic. The same considerations hold for the
SMI2000 structures.
SAXS played a key role to resolve the structural change in the polymer confor-
mation in solution. Similar to micelles and polyelectrolyte micelles reported in
literature, a transition from a micelle/spherical structure to an elongated struc-
ture was observed. The neutralisation of the charge of the polymer was observed
causing an increased hydrophobicity of the polymer. Precipitation of the poly-
mers occurred at lower concentration of the salt for polymers with an increased
hydrophobic to hydrophilic ratio, and for NaBr compared to NaCl due to the
stronger binding of the bromide anion to the polymer.
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After the polymer behaviour was measured, nanodiscs made with SMI1000, SMI2000
and SMI3000 were analysed, without any further purification, using DLS, SAXS
and SANS. The procedure to make nanodiscs is reported in section 2.13.2.DLS
was used as a preliminary characterisation to check the size of structures in solu-
tion, even though no structural analysis could be carried out. In order to compare
results to previous works, the polymer to lipids composition has been kept the
same throughout the thesis, unless stated otherwise at 1.5% wt of polymer and
0.5% wt of lipids. These concentrations were stated to be the optimal conditions
to form nanodiscs in the literature [84][137].
3.4.1 DLS analysis
Similar to the characterisation carried out for polymer on its own, the electro-
static stabilisation of SMI-DMPC aggregates was investigated by changing the
concentration of salt in the bu↵er solutions. DLS measurements for SMI1000,
SMI2000 and SMI3000 with DMPC lipids are reported in figure 3.6.
Figure 3.6 Behaviour of SMI-lipids aggregates at di↵erent salt
concentrations made with di↵erent polymers: SMI1000 (dot),
SMI2000 (square) and SMI3000 (triangle). The DMPC concen-
tration was 0.5% wt and the solutions were prepared in 50 mM
ABS at pH 5
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DLS measurements show that the behaviour of lipid aggregates made with SMI1000
and SMI2000 di↵er from those made with SMI3000. As figure 3.6 shows, increasing
the salt concentration for aggregates made using SMI1000 and SMI2000 causes the
sizes of the structures in solution to become smaller, up to a salt concentration
of 0.2 for SMI1000 and 0.1 M for SMI2000. This is probably due to the screening
e↵ect of salt on the polymer, which gets to a saturation point where the aggregate
size becomes constant. Looking at the aggregates made with SMI3000 we have a
di↵erent e↵ect: this polymer shows increasing aggregate size with increasing salt
concentration. The set of data reported for SMI3000 goes up to a salt concen-
tration of 0.2M NaCl because for higher concentration of the salt the solution
became too viscous and was not suitable for DLS measurements. High viscosity,
however, suggests that these solutions contined elongated or gel-like structures
and not nanodiscs. Furthermore, aggregates made using SMI3000 with DMPC
were not stable in the fridge since the solution became a gel. This behaviour is
probably due to the higher hydrophobicity of the polymer given the higher per-
centage of styrene present along the backbone, which leads the polymer to have a
tendency to aggregate in aqueous solutions and to precipitate when salt is added
(see section 3.2.2). For aggregates made using SMI2000, however, the structures
are stable for a salt concentration higher than 0.1M
The electrostatic contribution for nanodiscs stabilisation was checked by varying
the salt concentration, using the same concentration of polymer as used for DLS
measurements in section 3.2.2 and phospholipids. Co- and counter ions were
changed as well along with the concentration of salt (figure 3.7).
The values of the diameter of the structures found with DLS are reported in table
3.8 along with the intensity percentage of the scattered light.
Unlike for polymer alone in solution, which showed an increasing size along with
the salt concentration for the small structures, aggregates with DMPC decreased
in size when SMI1000 is used. Theoretical studies from Borisov et al. [124] showed
a decreased size for the corona of micelles made of amphiphilic block co-polymers.
As discussed for the polymer alone, this behaviour has been shown for micelles
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(a) SMI1000 (b) SMI2000
Figure 3.7 Summary of DLS measurements carried out for (a)
SMI1000 and (b) SMI2000 at 1.5%wt in ABS (pH=5, 50mM) with
di↵erent salt concentration. Several salts were used: NaCl (red
dot), NaBr (green square) and CaCl2 (blue triangle). Error bars
are calculated as standard deviation among three measurements
Table 3.8 Summary of values found from DLS measuraments
(figure 3.7)for structures made with SMI1000 and SMI2000 (ABS
pH=5, 50mM, 0.5% wt) and di↵erent concentration of NaCl,
















0M 158 ±12 98.1
0.1M 15.0±0.1 85.6 10.7±0.2 84.4 13.8±0.1 93.0
0.2M 13.7±1 68.7 9.1±0.2 85.7 12.9±0.1 91.7
0.5M 9.6±0.2 83.0 8.5±0.2 84.3 13.8±1 78.7
1M 9.4±0.1 88.7 8.8±0.3 98.1 15.9±0.2 95.1
SMI2000
0M 7.9±0.3 79.4
0.1M 6.1±0.1 90.9 6.2±0.1 89.6 6.9±0.1 84.8
0.2M ±0.1 93.5 7.2±0.1 98 6.7±0.1 91.7
0.5M 7.2±0.1 97.3 10.6±0.1 99.6 11.1±0.3 92.4
1M 9.0±0.1 99.1 gel ⇤ 8.0±0.5 96.9
made of small amphiphilic molecules and is claimed to be due to the neutral-
isation of charges among charged moieties. For the polymer stabilized DMPC
aggregates, the hydrophobic e↵ect among polymer chains is less e↵ective due to
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the stabilization of styrene moieties with the hydrophobic tails of the lipids. It is
well established that the supramolecular aggregation of soft matter is a delicate
balance of many e↵ects. When the SMI1000 is stabilised with DMPC, the reduced
hydrophobic e↵ect among styrene with the polymer chains allow the amine to
behave more like a micelle and to decrease in size when salt is added. Similar to
what is observed for the polymer, NaBr has the greatest e↵ect on the structure.
The structures made with SMI2000 show a di↵erent behaviour compared to SMI1000.
This polymer behave more like the polymer alone. As will be shown in section
3.4.2, this is likely to be due to the fact that the polymer makes a thicker belt
around the core of the lipids. The thicker belt suggests that the polymer interacts
less e↵ectively with the lipid tails, and a similar behaviour for the polymer alone
in solution is detected. However, it is interesting to note the trend of SMI2000 in
the presence of CaCl2. The decreasing size could be due the fact that the actual
concentrations of counter ions are double with respect to that of NaCl. The in-
creased hydrophobicity of the polymer due to the neutralisation of charges can
lead the polymer to interact more strongly with the DMPC tails and the remain-
ing hydrophilic portion of polymer that does not interact with the tails behaves
like SMI1000. Even though speculations can be made, more in-depth studies must
be carried out in order to understand the properties of this system in terms of
the special arrangement of polymer and DMPC lipid.
3.4.2 Small angle scattering analysis
Even though DLS is useful to analyse rapidly the size of structures in solution,
it does not allow a structural analysis to demonstrate that the structures formed
are discs. For this purpose Small Angle Scattering (SAS) experiments were car-
ried out. As discussed in section 2.13.2, nanodiscs were run without any further
purification, or after gel filtration to remove free polymer from the solution. Gel
filtration patterns for nanodiscs made with either SMI1000 and SMI2000 are re-
ported in figure 3.8
For the gel filtered sample, a polydisperse bicelle model (see section 2.6.2) was
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Figure 3.8 Gel Filtartion for SMI1000 (dotted line) and SMI2000
(solid line).
used to fit the data, whereas for samples which had not been purified to remove
the free polymer, two models were summed together to fit this scattering data.
This is because in subsequent gel filtration measurements, free polymer was de-
tected in solution. Therefore one model is used to represent the nanodisc, using
the polydisperse bicelle model, whereas, either an ellipsoid or a sphere is used
to model the free polymer remaining in solution. For a discussion on the math-
ematical models used please see sections 2.6.1 and 2.6.2. By plotting the two
di↵erent models separately and summing the result, it is possible to observe that
the polymer pattern (sphere or ellipsoid) forms the background of the scatter-
ing pattern (dashed line). The dotted line, instead, represents the polydisperse
bicelle, which models the nanodiscs in solution. This pattern presents a fringe
around 0.1A˚ 1. This fringe arises from the contrast of the phospholipid heads
with the surrounding solvent. Figure 3.9 shows that the position of the fringe
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is not altered by the polymer model which acts as a background, increasing the
signal at low Q. 3.9
Figure 3.9 Separated pattern of an ellipsoid (dashed line), a
nanodisc (dotted line) and Sum model (black line)
From figure 3.9 it is clear that the fringe from the scattering pattern is due to the
polydisperse bicelle model, whereas the polymer scattering acts as a background.
Due to the large number of parameters, the polymer data were not fitted, but
were fixed to correspond to that of the polymer-only scattering data obtained
during the same experiment at the same salt and polymer concentration (1.5%
wt of polymer at di↵erent salt concentration) as reported above. The SLDs of
the polymers are reported in table 3.4 and were held during the fitting. The salt
concentration was held fixed during the fitting and was calculated as mentioned
in section 3.2.3, as a sum of all the salt in solution. The thickness of the DMPC
bilayer and lipid heads were fixed at 28 and 8 A˚ respectively (values from [138]).
The incoherent background was obtained from the high Q data where the intensity
had plateaued.
From the gel filtration patterns in figure 3.8 it can be deduced that the nanodiscs
made with SMI2000 are smaller than the nanodiscs made with SMI1000 . In fact the
first peak, which is the one collected and analysed in SAXS and SANS, for SMI1000
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has a shorter retention time, which is associated with bigger structures. DLS
results for SMI1000 and SMI2000 showed similar behaviour, with bigger structures
formed when SMI1000 is used to make nanodiscs (figure 3.6). Comparing values
of structures made with SMI1000 with the one reported in literature for nanodiscs
made using the SMA commercial copolymer SMA 2000P, the SMI1000-DMPC
structures are slightly bigger in size. The diameter for nanodiscs made from
SMI1000 is 12.5nm whereas for SMA2000P it was found to be 9.6 nm from DLS. It
can be speculated that the higher hydrophilicity of SMI1000 compared to SMI2000
makes the polymer more elongated in solution and then more available to wrap
around a larger amount of lipids.
Salt concentration e↵ect
In order to check the electrostatic stabilisation of the system, nanodiscs were
studied at di↵erent salt concentration in the presence of di↵erent co and counter
ions. In the case of purified samples using gel filtration, the concentration of the
salt is exchanged through a dialysis process. The concentration of the salt was
varied between 0M to 1M of NaCl for either nanodiscs made with SMI1000 or
SMI2000 .
• SMI1000 Figure 3.10 reports scattering patterns acquired for SMI1000 on I22
(SAXS instrument at Diamond) and D11 (SANS instrument at ILL) for
nanodiscs made using SMI1000 at pH5 and 0.2M of NaCl. The sample was
purified using gel filtration. The first peak from the gel filtration (figure
3.8) was analysed using both SANS and SAXS. In order to fit the nanodiscs
made with SMI1000, SANS data from a sample made with h-DMPC in d-
ABS and h-DMCP in 36% ABS were co-refined. Values obtained for this
fitting were used then to fit SAXS data. Scattering patterns and values
for the fitting of these samples are reported in figure 3.10 and table 3.9,
respectivelly.
Co-refined SANS parameters were used to fit the SAXS pattern (both SANS
and SAXS were run on the same sample). Certain parameters were fixed,
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Figure 3.10 Scattering pattern from ILL (circle and triangle)
and from i22 (full circle).
Table 3.9 Fitting parameters from corefined data get from D11
and I22 for purified nanodiscs made with SMI1000 initial concen-
tration of (1.5% wt) and DMPC (0.5% wt)
SANS/SAXS
Radius (A˚) 42 ± 2
PDI 0.26 ± 0.2
Belt Thick. (A˚) 23 ± 3
mol. frac. H2Orim 0.57 ± 0.1
Overall Size (nm) 13 ± 1
as reported in table 3.9, and yet the SAXS data could not be fitted. (This
fitting is reported in figure A.2 in section A.1). In order to obtain a good
fit, the SLD of the face had to be allowed to change and resulted in the SLD
becoming 1.35x10 5 A˚ 2. The SLD for a “dry” phosphatidylcholine group
is calculated to be 1.6x10 5 A˚ 2. This value is obtained by accounting for
a molecular volume of the head of 281 A˚3 [138]. In the case of 57% water
content [139], the SLD for the hydrated face is calculated to be 1.2x10 5
A˚ 2. The higher value found for the SLD of the face in the SMI1000 nan-
odiscs is likely to be due to an increased electron density in the headgroup
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region of the bilayer due to polymer penetration into the headgroups of
the phospholipids. The penetration of the polymer was not found for SMA
copolymers. This configuration, with the polymer inserted into the head
group, could be due to the higher mobility of the tertiary amine compared
to the maleic acid.
Several salt concentrations were run for nanodiscs made with SMI1000, ei-
ther with SANS or SAXS. Due to the large number of parameters of the
model used, the polydisperse core shell bicelle, as many of the parameters
as possible were held during the fitting. It was assumed that the core size
does not change and so it was held at 42 A˚(the value found from the core-
fined fitting reported in table 3.9). The thickness of the belt was allowed to
change assuming that for higher salt concentration of salt a charge screening
e↵ect occurred which led to changes in the size of the belt. The hydration
of the rim was fitted as well. SAXS patterns and their fitting are reported
in figure 3.11 and table 3.10 respectively.
Table 3.10 Parameters for the fitting reported in figure 3.11
of purified nanodiscs made with SMI1000 initial concentration of
(1.5% wt) and DMPC (0.5% wt) in 50 mM ABS at pH=5













































































Looking at the thickness of the polymer belt, it decreases in size with in-
creasing salt concentration up to 0.5 M. After this concentration, the poly-
mer belt increases in size. A decreasing trend was matched by DLS as
well. This is probably due to a screening of the charge that makes the




























Figure 3.11 Scattering pattern acquired on B21, beamline at
Diamond Light Source. Samples are made up using SMI1000 at
1.5% wt and using DMPC at 0.5% wt in 50 mM ABS at pH=5
fro di↵erent NaCl concentrations. Samples were purified using gel
filtration and salt concentration was adjusted through dialysis.
Values from fitting are reported in table 3.10
polymer more neutral, the repulsive electrostatic interactions among posi-
tive monomers are therefore less strong and the structure tends to collapse.
This e↵ect has been widely validated in the scientific community for poly-
electrolytes either from a theoretical perspective [140, 141] or from experi-
mental results [142]. Samples were also analysed using SANS (figure 3.12).
For the samples made for B21 reported in figure 3.11, the salt concentration
was changed through dialysis.
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Figure 3.12 SANS pattern acquired in SANS2d for puri-
fied nanodiscs made using SMI1000 with standard concentration
(1.5%wt of SMI1000 and 0.5% wt of h-DMPC in 50 mM d-ABS
at pH=5) and di↵erent salt concentration.
Table 3.11 Fitting parameters for SANS pattern from figure
3.12 for purified nanodiscs made using SMI1000 and 0.5% w of
DMPC.
0.1M 0.2M 0.5M
Mean Core (A˚) 41 ± 1 41.0 ± 1 41 ± 1
PDI 0.3 ± 0.1 0.3 ±0.1 0.3 ± 0.1
Belt Thickness (A˚) 19 ± 3 18 ± 3 18 ± 3
% H2Obelt 0.3 ± 0.1 0.4 ± 0.1 0.4 ± 0.1
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A slightly di↵erent radius and belt thickness are found for the samples
analysed with SANS(figure 3.12) and SAXS (figure 3.11) and for belt thick-
ness. Even though changes in absolute values for the belt thickness, the rim
thickness and the hydration of the belt can be due to the preparation of a
new sample, the same trend is observed. The belt thickness decreases with
increasing salt concentration, along with the hydration of the belt. When a
lower concentration of the salt is present in solution, fewer maleimide groups
are neutralised. The charged groups on the backbone of the polymer al-
low intermolecular hydrogen bonding between the polymer and molecules
of water, which increases the hydration of the rim. Unlike SAXS data, the
penetration of the polymer into the head group was not detected in SANS
because the SLDs of the polymer and the head group are not much di↵er-
ent from each other (1.96x10 6 A˚ 2and 1.9x10 6 A˚ 2respectively). SANS
is not sensitive to higher electron density as is the case for SAXS.
The e↵ect of co- ions was also analysed using SANS for nanodiscs made
using SMI1000. Figure 3.13 shows the SANS pattern acquired at SANS2d
for purified samples. Standard concentrations of polymer and phospholipid
were used. Instead of using NaCl, CaCl2 was used. In order to be sure that
the values arising from the data collected for NaCl were suitable for fitting
data from a di↵erent salt, two contrast were run for nanodiscs made using
CaCl2. For the fitting of this data set the parameters from the co-refined
data in table 3.9 were used as initial estimate of the fitting parameters.
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Figure 3.13 SANS2d patterns acquired for purified nanodiscs
made with standard concentration of DMPC and polymer and
CaCl2 0.2M in 50 mM ABS at pH=5
Table 3.12 Main parameters for the fitting reported in figure
3.13.
[CaCl2]= 0.2M
Mean Core (A˚) 42 ± 1
PDI 0.3 ± 0.1
Belt Thickness (A˚) 24.0 ± 1
% H2Obelt 0.7 ± 0.2
Since no dramatic changes were detected between the purified samples at
di↵erent salt concentrations of NaCl or CaCl2, the concentration of the
several di↵erent kinds of salt were also measured at 0.2M (figure 3.14).
In the same manner as for the other fitting, the core radius was kept constant
and just the hydration of the rim, the belt thickness and the PDI was
allowed to change. From this fitting, it is obvious that no huge change occurs
upon the addition of di↵erent salts. Values for the fitting are reported in
table 3.13
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Figure 3.14 SANS2d scattering patterns for nanodiscs made
using SMI1000 . Samples were purified using gel filtration and
bu↵er was exchanged with 50mM ABS at pH=5 containing MgCl2
(black circle), MgSO4 (red square), KCl (green triangles) and
CaCl2 (blue diamond)
Table 3.13 Fitting parameters for SANS pattern from figure
3.14 for purified nanodiscs made using SMI1000 and 0.5% wt of
DMPC in 50 mM ABS at pH=5 containing di↵erent salts at 0.2M.
MgCl4 MgSO4 KCl
Mean Core (A˚) 42 ± 2 42.0 ± 1 42 ± 1
PDI 0.3 ± 0.1 0.3 ±0.1 0.3 ± 0.1
Belt Thickness (A˚) 23 ± 1 23 ± 4 23.2 ± 4
mol. frac. H2Obelt 0.6 ± 0.1 0.7 ± 0.1 0.6 ± 0.1
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The stability of nanodiscs made using SMI1000 in the presence of divalent
cations make them suitable for the extraction of protein such as calmodulin
or kinase C which requires the presence of calcium to keep their functional
structures [143, 144].
• SMI2000
The same procedure as above was used to fit data collected for nanodiscs
made with SMI2000. Both from the DLS or gel filtration patterns, it is
clear that the nanodiscs made with SMI2000 are much smaller than the
nanodiscs made using SMI1000. In fact, the second peak from gel filtration
for nanodiscs, which is the one analysed in SAXS and SANS, is eluted at a
higher volume, which points to smaller sized structures.
Nanodiscs purified with gel filtration were analysed using SAXS and SANS
at I22 (figure 3.15) and SANS2d, respectively (3.15b) . The SLD for the
polymer was calculated and held (values in table 3.4) as well as the dielectric
constant, and the face and core thicknesses for the polydisperse core shell
bicelle model. Fitted parameters are reported in table 3.14
(a) SAXS (b) SANS
Figure 3.15 (a) SAXS and (b) SANS patterns acquired on
I22 and SANS2d for purified nanodiscs made using SMI2000 and
DMPC (0.5% wt intial concentration).
Gel filtration patterns (figure 3.8) also show moreover that not much poly-
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Table 3.14 Parameters for fitting reported in figure 3.15 for
purified nanodiscs made using SMI2000 at 1.5% wt of initial con-
centration and 0.5% wt of DMPC in 50 mM ABS at pH=5,
NaCl=0.2M. Experimental and fitting patterns are reported in
figure
Parameters Values
Core Size (A˚) 8.4 ± 1
Belt Thick. (A˚) 17.4 ± 1
mol.frac. H2Orim 0.53 ± 0.1
Overall Size (nm) 5.2 ± 2
mer is left in solution after the sample is run through a column, compared
to the sample made using SMI1000. This was verified as well from the com-
parison of SAXS pattern acquired for the same sample before and after the
gel filtration (figure 3.16). Therefore it was possible to fit data from LOQ
to a simple polydisperse core shell model, even though no purification was
performed on those samples (figure 3.17).
Figure 3.16 SAXS pattern acquired on I22 for nanodiscs made
using SMI2000 before (green) and after (black) gel filtration.
The nanodiscs were made in the same way as used for the B21 sample
preparation. A SANS analysis was done on the as-made samples using
LOQ, in ISIS. Scattering patterns were taken with a q range of between
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0.008 and 0.3 A˚ 1. The standard concentration of 1.5% wt of polymer and
0.5% wt of DMPC was used for this experiment in 50 mM ABS at pH=5.
(a) SMI2000, [salt]=0.1M (b) SMI2000, [salt]=0.2M
(c) SMI2000, [salt]=0.5M (d) SMI2000, [salt]=1M
Figure 3.17 Scattering patterns taken on LOQ for nanodiscs
made using SMI2000(1.5%wt) and DMPC (0.5% wt) at di↵erent
salt concentrations dissolved in an 50 mM ABS, pH=5.
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Figure 3.17 shows the scattering patterns for nanodiscs made using the
same procedure as the nanodiscs that were made for SAXS samples and
DLS. It is possible to get a reasonable fit for the nanodiscs made at low
salt concentrations, up to 0.1M salt. However, for nanodiscs that were
not purified, it is possible to see a variation in the contrast intensity for
d-DMPC in d-ABS, especially when the salt concentration of the salt is
increased up to 0.5M in NaCl.
Increasing the salt concentration, figure 3.17, shows that the intensity at
the intercept increases for the contrast d-DMPC in d-ABS. This intensity
increases from 0.06 cm 1 for a salt concentration of 0.1 M to 1 cm 1 for a
salt concentration of 0.5 M. For a concentration of 1M NaCl, the patterns
of d-DMPC in d-ABS and d-DMPC in h-ABS almost overlapped. This is a
sign of a variation of the SLD of the core, due probably to a higher insertion
of the polymer into the lipid tails. In fact, increasing the salt concentration
causes a neutralization of the charge of the polymers, which leads to a lower
solubility. This higher hydrophobicity of the polymer will result in a higher
a nity for the tails, rather than for water. This hypothesis is supported
by the behaviour of the solutions: when the salt concentration is too high
precipitation takes place. In figure 3.17(d), it is possible to see aggregation
at low Q. Data for this sample were fitted using an ellipsoid, rather than the
polydisperse core shell bicelle model. For this fitting, an average SLD of the
aggregate was used to fit the data and it was calculated to be 4.58x10 6 and
7.8x10 7 for structures made using d-DMPC and h-DMPC, respectively.
Results from the fitting for SAXS and SANS are reported in table 3.15
Comparing the SAXS and SANS results with preliminary DLS analysis on
page 82 in table3.8, a smaller size is reported for the first two experimental
techniques. This is not a surprise since the DLS measurements report the
hydrodynamic radius of the particle, which is a↵ected by the solvation shell
and the ionic strength of the solution.
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Table 3.15 Parameters for fitting for B21 and LoQ data, ac-
quired for SMI2000. Samples are made up at 1.5%wt of polymer
and 0.5% wt of DMPC
0.1M 0.2M 0.5M
LoQ B21 LoQ B21 LoQ B21
Mean Core (A˚) 12±1 13±1 9±1 9±1 12±1 11±1
PDI 0.4±0.1 0.2±0.1 0.4 ±0.1 0.2±0.1 0.4±0.1 0.4±0.1
Belt thickness 10±1 9±1 14±1 15±1 14±1 8±1
mol frac H2O in rim 0.41±0.1 0.82±0.1 0.4±0.1 0.4±0.1 0.4±0.1 0.8±0.1
Similar to the experiment undertaken with nanodiscs made using SMI1000,
the stability of nanodiscs made with SMI2000 in the presence of divalent
cation was also checked. Figure 3.18 revel that the structure of the disc
does not change dramatically.
The structural stability of SMI discs in the presence of divalent cation is
crucial for the biological applications for these nanodiscs.
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Figure 3.18 SAXS pattern acquired on i22 for purified nan-
odiscs made using SMI2000 and DMPC ( 0.5% wt intial concen-
tration) at (red) 0.2M CaCl2 and (black) 0.2M NaCl.
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In order to understand the di↵erences in the size of nanodiscs using SMI1000 and
SMI2000, surface tension measurements were carried out for both of them. For this
purpose a 0.5% wt solution of the polymer was made up. The values found were
47.3 and 40.5 mN/m for SMI1000 and SMI2000, respectively. The lower surface
tension for SMI2000 shows a higher a nity for the polymer to be at the air-water
interface. This result is expected due the higher hydrophobic to hydrophilic ratio
for SMI2000. The surface tension for SMI1000 and SMI2000 were compared to the
value found for SMA2000P [84] at the same polymer concentration of 38.5 mN.
The size found from DLS at the same concentration of DMPC for those 3 polymers
are reported in table 3.16 with the relative surface tension.
Table 3.16 Comparison of purified nanodiscs in bu↵er at 50mM








SMI1000 10±1 4.2± 0.2 1.9±0.1 47.3
SMI2000 5.2±1 1.0±0.2 1.7±0.1 40.5
SMA2000P 8±1 3.8±0.2 1.1±0.1 38.5
SMI1000 and SMA2000P make nanodiscs with comparable size. The core is
found to be of approximately the same size. Nanodiscs made with SMI2000 are
much smaller than those found for SMI1000 and SMA2000P which could be due to
the fact that, as SAXS has shown for polymer alone, this polymer makes smaller
micelles.
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Lipid concentration variation
From previous experimental analysis [84], the size of the commercial copolymer
did not change the size of the nanodiscs in a logical manner. However, changing
the amount of lipids caused the nanodiscs size to change. [42]
The ratio of phospholipids to SMI polymer was therefore varied by changing the
concentration of DMPC used to make the nanodiscs and keeping the concentra-
tion of the polymer constant. The solution was made up in the same way is
explained in section 2.13.2 but the final concentration of DMPC was changed
to 0.3, 0.5 and 0.7% wt. The scattering patterns from these solutions collected
at B21 (Diamond - Rutherford Appleton Laboratory) are reported in Appendix
(figure A.3 and figure A.4 for nanodiscs made with SMI1000 and SMI2000 respec-
tively). The fitting of the curves was done using a sum of the polydisperse bicelle
with an ellipsoid model (a detailed description is given in section 3.4.2). Values
for the ellipsoid model were obtained from previously fitting of the data for the
polymer above at the same salt concentration. When the polymer was fitted to
a sphere, the rotational axis and the main axis of the ellipsoid were kept at the
same value as the radius of the sphere. The initial values for the fitting was
obtained from the fitting of data for purified nanodiscs for SMI1000 and SMI2000.
Keeping these values constant, the ratio between the nanodiscs and the poly-
mer was allowed to change. At this point the size of the free polymer ,modelled
with an ellipsoid, was allowed to change with the assumption that with a smaller
amount of polymer in solution (since some is in the nanodiscs) the structure de-
creases in size. The values obtained were reasonable and the size of the polymer
increased with a decreasing nanodisc to polymer ratio. This is consistent with
the assumption made that a smaller ratio of nanodiscs to polymer indicates more
polymer in solution. After adjusting the ratio and size of the polymer, the radius
and the belt thickness of the nanodiscs were allowed to change. A summary of
the fitting is reported in table 3.17 for nanodiscs made with SMI1000 and table
3.18 for nanodiscs made with SMI2000. Figure 3.19 shows the size of the radius,
the belt thickness and the overall size of discs for SMI1000 and SMI2000versus the
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lipid composition.
Table 3.17 Fitting parameters for nanodiscs made with
SMI1000 at di↵erent salt and DMPC concnetration. All the sam-
ples were made in ABS, 50mM, pH=5.
3 mg/mL 5 mg/mL 7 mg/mL
[NaCl] = 0.1M
Radius (A˚) 35.9±2 38.6±2 40.9±2
Belt (A˚) 8.7±2 8.8±2 8.8±2
Overall Size (A˚) 89.4±4 94.7±4 99.2±4
Ratio ND/pol 2.2 0.8 1.2
[NaCl] = 0.2M
Radius (A˚) 31.4±2 31.4±2 40.2±2
Belt (A˚) 13.8±2 13.8±2 15±2
Overall Size (A˚) 90.3±4 90.3±4 11.4±4
Ratio ND/pol 0.7 1 1.1
[NaCl] = 0.5M
Radius (A˚) 28.4±2 29.8±2 35±2
Belt (A˚) 14.1±2 14.7±2 14.8±2
Overall Size (A˚) 85.0±4 89.0±4 99.6±4
Ratio ND/pol 1.2 1.7 1.6
Table 3.18 Fitting parameters for nanodiscs made with
SMI2000 at di↵erent salt and DMPC concnetration. All the sam-
ples were made in ABS, 50mM, pH=5.
3 mg/mL 5 mg/mL 7 mg/mL
[NaCl] = 0.1M
Radius (A˚) 6.2±2 8.9±2 12.3±2
Belt (A˚) 11.3±2 16.5±2 16.5±2
Overall Size (A˚) 35.1±4 50.7±4 57.5±4
Ratio ND/pol 8.0 3.0 3.2
[NaCl] = 0.2M
Radius (A˚) 6.6±2 9.7±2 11.7±2
Belt (A˚) 16.8±2 18.0±2 16.1±2
Overall Size (A˚) 46.8±4 55.4±4 55.7±4
Ratio ND/pol 2.4 4.2 4.0
[NaCl] = 0.5M
Radius (A˚) 8.3±2 10.2±2 13.3±2
Belt (A˚) 20.7±2 18.8±2 17.3±2
Overall Size (A˚) 58.0±4 58.0±4 61.2±4
Ratio ND/pol 2.3 5.6 7.7
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(a) (b)
(c) (d)
(e) Overall Size - SMI1000 (f) Overall Size - SMI2000
Figure 3.19 Graphs reporting radius (a) and (c), belt thickness
(b) and (d) and overall size of nanodiscs (e) and (f) for SMI1000
and SMI2000. Data from table 3.17 and 3.18
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Values obtained for the nanodiscs are in good agreement with the sizes found in
the DLS and scattering experiments. It is shown that the size of the discs increases
with the content of DMPC. The increasing size along with the concentration of
nanodiscs has been detected for other SMA co-polymers [42] and more recently
for zwitterionic SMA-derived copolymer [145]. Discs made with SMI2000 have a
much smaller size than the discs made with SMI1000. This is in agreement with
the sizes found from previous experiments. Moreover, fitting data for nanodiscs at
di↵erent salt and lipid concentrations using a sum model allowed the calculation
of a nanodiscs to polymer ratio in solution (figure 3.20). This is in good agreement
with expectations. It shown that upon increasing the amount of lipids in solution,
the amount of ratio of nanodiscs to polymer increases.
(a) (b)
Figure 3.20 Ratio of nanodiscs to polymer at di↵erent salt
concentration for (a) SMI1000 and (b) SMI2000
The ratio of nanodiscs to polymer is stable for SMI1000 at any salt concentra-
tion, but increases when SMI2000 is used at high salt concentration (0.5M trend
in figure 3.20b). The higher a nity of the polymer toward lipids is potentially
due to the increased hydrophobicity of the polymer which tends to interact more
with the hydrophobic core of the discs. In order to validate this hypothesis, SANS
experiments at multiple contrasts can be carried out. Using deuterated DMPC,
in fact, the penetration of the polymer into the core can be highlighted.
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DMPG lipids are common in lipid membranes and give rise to the potential
between the inside and the outside of the cell membrane [146]. Electrostatic
interactions play a key role in the partitioning of drugs into the membrane [147] as
well as for the stabilisation of membrane proteins. Unfolded structures of proteins
were detected when the negative charge of the membrane hit a critical point [148].
SMA stabilised discs have already been studied in the presence of DMPG [84]
and to reconstruct membrane proteins [149]. SMI stabilised discs were, therefore,
analysed in the presence of negatively charged lipids. For this purpose, 1,2-
dimyristoyl-sn-glycero-3-phosphorylglycerol sodium salt (DMPG) was purchased
from Sigma Aldrich (purity   98%) and used with no further purification. The
solution was made with a percentage of DMPC to DMPG of 0.8 to 0.2. In the
same manner as to the studies above for DMPC lipid discs, the stability of the
structures in the presence of NaCl and divalent cation was analysed. Figure
3.21b and 3.21a report a summary of DLS measurements for DMPC80DMPG20
nanodiscs made using SMI1000 and SMI2000.
(a) (b)
Figure 3.21 DLS for DMPC80DMPG20 nanodiscs made using
SMI1000 and SMI2000 in ABS, pH=5, at di↵erent concentration of
(a) CaCl2 and (b) NaCl
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The behaviour of SMI stabilised DMPC80DMPG20 discs do not di↵er from the
behaviour found for pure DMPC discs when NaCl is used as a salt. However,
smaller structures are present for SMI1000 when no salt is added to the bu↵er.
This is likely to be due to the partial interaction of the negative heads of DMPG
with the positive charges of the polymer. As for pure DMPC discs the size of
the discs decrease and then stabilises after [NaCl] = 0.2M. A di↵erent behaviour
instead is observed when CaCl2 is used in solution.
Cations, in general, interact with the negative DMPG head group, binding to
the phosphate group and forming a cation-lipid complex. [150] The di↵erences
between the behaviour when NaCl is present in solution rather than CaCl2, is
most likely to be due to the di↵erent e↵ect that divalent cations have on negative
charged lipids such as DMPG [151]. Calcium cations can bind to two adjacent
head groups neutralising their charge. Previous studies on SMA, carried out at
the same DMPC:DMPG composition, did not show a big di↵erence when DMPG
was used to make nanodiscs [84]. The di↵erences between the behaviour between
SMA and SMI-stabilised discs can be due to two e↵ects: firstly, the lower pH
used for SMI-stabilised discs leads to a protonation of the DMPG. At pH=8
used for SMA, the glycerol group is completely dissociated, whereas at pH=5
the glycerol group is partially protonated [151]. Secondly, the polymer used
here is positively charged, therefore it is likely to interact and further neutralize
the DMPG negative charge. The higher amount of amine present in SMI1000
neutralises more charges than SMI2000. The neutralisation of the charges on the
surface leads the system to fuse.
However, more in-depth analysis using surface tension studies and small angle
scattering is need to resolve the penetration and interaction of the SMI polymers
in presence of negative lipids.
3.6 Concluding remarks on SMI-stabilised nanodiscs 107
3.6 Concluding remarks on SMI-stabilised nan-
odiscs
In this chapter it has been investigated the structural changes of SMI co-polymers
in solution, either alone or in the presence of DMPC or DMPC80DMPG20 mix-
tures have been studied.
The stability of the polymer at di↵erent pH has been a key point for the char-
acterisation of the system. Moreover, SAXS and SANS have been key for the
characterisation of the structures made with SMI-copolymers. It has been shown
that these co-polymers can successfully make stable nanodiscs at pHs lower than
the pKa. It has been shown that SMI copolymers can successfully make nan-
odiscs. Collaborators in Birmingham have used SMI2000 to successfully extract
membrane protein. Even though the e ciency for membrane proteins extraction
of SMI co-polymers is lower than the SMA2000P, their stability in the presence
of divalent cations demands a more in-depth study of these copolymers.
Changing the concentration of lipids in solution has been shown to modulate of
the radius of the nanodiscs. This highlights the ability of the polymer to adapt to
an increasingly hydrophobic environment. The modulation of the radius, though,
has not been investigated for di↵erent molecular weights polymers.
For future works, similar studies to those carried out for SMA commercial co-
polymers [84], would be interesting, for example, to study the e↵ect on the size
of the structures of di↵erent molecular weights of these random copolymers.
Moreover, it would be crucial for the modulation of the structures to achieve a
control over the architecture of the SMI co-polymers. As shown in this project
(chapter 4) and by [152], a better control of the architecture of the copolymers and
their molecular weights, leads to a control over the size of the structures made.
This behaviour has not been found for commercial co-polymers of poly(styrene-
comaleci acid) which have a random structure and an high polydispersity index
[84].
The synthesis of SMI polymers with a control over their architecture and molec-
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ular weight, thanks to their stability in the presence of divalent cations, could be




This chapter will cover the synthesis of tailored polymers with well controlled
properties, as made to better control and understand nanodisc formation. First
a brief introduction to polymer and RAFT polymerisation is given. Part of this
work was made in collaboration with Sarah Waldie, a master project student who
did the some of the syntheses of poly(styrene-co-maleic anhydride) reported in
this chapter.
4.1 Polymers: an introduction
The polymer originates from ancient greek (poly=many and mer=parts). In-
deed, a polymer is a macromolecule made of the same repeating units, so called
monomers.
If the polymer is composed of just one monomer, the corresponding macro-
molecule is called a homopolymer. In case of two or more distinct monomers,
the final macromolecule is referred to as a copolymer. Depending on the back-
bone architecture, as reported in figure 4.1 polymers can be subdivided into:
a - Linear polymers : polymers that have one single backbone.
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b - Star polymers [153]: a type of grafted copolymer, but which are distin-
guished by containing just a single branching point.
c - Graft or branched polymers : both of which are polymers with linear de-
viation from a backbone, but in the first case the branching polymer is of
the same nature of the backbone whereas in the second case the deviation
from the backbone is made of a di↵erent monomer.
Figure 4.1 Pictorial representation of di↵erent polymer archi-
tectures.
Moreover, in the case where the copolymer depends on the alternation of monomers
in the polymer chain, another set of classification may be made:
a - Homopolymer : polymers made from just one kind of monomer
b - Alternating copolymer :polymers made of two alternating monomers
c - Random copolymer : polymers with no long range order among monomers
d - Block copolymer : linear copolymers made of long sequences of the same
monomer
A pictorial representation of these architectures is reported in figure 4.2
Polymers, unlike most organic molecules that can be characterised by molecular
structure and molecular weight, are described by statistical laws which return
structural information about the polymers. The numbers that are needed to
characterise a polymer are:
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Figure 4.2 Pictorial representation of di↵erent polymer archi-
tectures.
• Molecular Number (Mn): which is defined as the total weight of polymers







• Molecular Weight (Mw): which is defined as the total weight divided by the









from equation 4.1 it is evident that a long polymer chain will have a greater
e↵ect on the average than a shorter chained polymer.
The values arising from equation 4.1 and 4.2 are influenced by di↵erent
parameters. Mn is more influenced by the number of chains, whereasMw is
more influenced by the molecular weight of a single chain (the square of the
molecular weight is in the numerator in equation 4.2). As a consequence,
both Mn and Mw, can be determined by di↵erent analyses that depend
on di↵erent properties of the polymer. To give an example, Mn is more
a↵ected by the number of chains, hence techniques that measure colliga-
tive properties of the system are applied. In fact colligative properties do
not vary for the same mole fraction concentration, either for small or big
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molecules. Such techniques include end group analysis and vapour pressure
osmometry. Unlike Mn, Mw is more influenced by bigger molecules. Hence
techniques used to evaluate this property rely on the mechanical and phys-
ical properties of the material, such as the di↵usion coe cient or viscosity.
On the other hand, techniques such as gel permeation chromatography al-
lows evaluation of both Mw and Mn at the same time. The advantage
of using GPC relies on its ability to return the distribution of population,
hence the polydispersity of the polymer. However, solutions to equation 4.1
and 4.2 can be extrapolated in order to calculate the PDI (polydispersity
index) using equation 4.3
• Poydispersity (PDI ): defines the range of size of the molecules. The lowest
value is 1 for a perfectly monodisperse polymer, but it is usually higher





Due to the undefined structure, it is important to remember that both the
molecular weight and the molecular number are required to determine the
properties of a given polymer. However, it is not possible to gain a clear
understanding using these two numbers, so it is advisable to represent the
polymer using a distribution graph of the molecular weight as reported in
figure 4.3.
• Degree of polymerisation (DP): this parameter can be defined either as the
number of repeating units or as the number of monomer units.
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(a)
(b)
Figure 4.3 Schematic representation of (a) normal polymer dis-
tribution and (b) irregular distribution
4.2 Polymerisation Techniques
Due to the wide range of polymers available, and the way they are produced, more
than one classification of the reaction mechanisms has been made over the last
few decades. The first classification was done by IUPAC in 1931: polymerisation
techniques were divided into addition and condensation reactions[154]. In the
first case the monomers have a double bond that can react with each other. The
most common monomers for this type of reaction are olefins and vinyl-based
monomers. In this class of polymers is included ring-opening polymerisation.
For the case of condensation reactions the monomers have functional groups that
react with each other; in this reaction a molecule of water is released. The most
famous commercial polymer that comes from this kind of reaction is Nylon-6,6.
Several di↵erent polymerisation techniques, depending on the monomer, can be
used.
For brevity, since this the work in this thesis is based on RAFT polymerisation,
the following text will describe radical polymerisation.
4.2.1 Free radical polymerisation (FRP)
Free radical polymerisation has been widely used in the past decades, and it
is still one of the most used techniques among polymer producing companies.
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Using free radical copolymerisation, over 110 billion pounds of polymer were syn-
thesised in 2001 [62]. The most common polymers made from this method are PE
(polyethylene)[155], Teflon (tetrafluoroethylene), PVC (poly vinyl chloride) [156]
and polystyrene [157]. In general this technique allows for the polymerisation of
vinyl monomers or functional groups with a double bond, which easily allows a
radical initialisation and propagation. As with any polymerisation, FRP has 3
di↵erent steps:
• Initiation and propagation: This process usually involves a cleavage of a
double bond and the formation of a radical. The two most common radical
initiators are organic peroxides (figure 4.4a) and nitro compounds (figure
4.4b). AIBN has been used in this project as the radical initiator.
(a) organic peroxide
(b) AIBN
Figure 4.4 Two commonly used radical initiators.
Due to the radical nature of the reaction, a wide range of polymers can
be synthesised. In the propagation step, which follows the formation of
radicals, monomers react with the initiator (figure 4.5a) and then with each
other, forming a nascent polymer chain (figure 4.5b).
• Termination: due to the high reactivity of radicals, free radical polymerisa-
tion is often di cult to control. In fact radicals can easily react with each
other to give a head-head polymer, can undergo a disproportionation reac-
tion or can interact with oxygen. All these processes lead to the termination
of the polymerisation reaction as shown in figure 4.6.
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(a)
(b)
Figure 4.5 Schematic of the propagation process.
(a) head-head termination
(b) reaction with oxygen
Figure 4.6 schematic of termination processes
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First discovered in 1998 by Rizzardo et al [158], RAFT polymerisation has been
widely investigated and used in the last decade in order to have better control
of the polymer architecture. Better control over the polymerisation reaction is
due to the Reversible Addition-Fragmentation chain Transfer agent, which will
henceforth be called the RAFT agent. In general RAFT polymerisation is a
specific class of a wider kind of polymerisation, so-called reversible deactivation
radical polymerisation analogous to Nitroxide-mediated radical polymerization
(NMP) and Atom-transfer radical-polymerization (ATRP). The mechanism of
RAFT is based on the equilibrium of the dormant and propagating species. The
chain transfer is mediated by a thiocarbonylthio group, which is the RAFT agent.
In general a RAFT agent has the structure displayed in figure 4.7.
Figure 4.7 General structure of a RAFT agent
where R is the leaving group. Depending on the nature of R and Z, the polymeri-
sation can be controlled and a narrow molecular weight distribution of polymers
can be synthesised. In fact RAFT polymerisation is based on the concept that
there is an equal rate of growth for each initiated chain, which leads to a tight
control of the molecular weight and a narrow distribution in the population of
the polymer.
The overall RAFT reaction can be concisely described as an insertion of monomers
between the S–R group as reproduced in figure 4.8.
Figure 4.8 Overall mechanism of RAFT polymerisation
The overall reaction would be enough to understand the potential of this poly-
merisation. However the attention of researchers is also driven by the fact that the
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RAFT agent remains attached to the polymer chain, which can be used again af-
ter a polymerisation has been completed for further modification of the polymer.

















Figure 4.9 Detailed mechanism of RAFT polymerisation
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Initiation is the first process involved in the mechanism of the reaction. This
reaction is characterised by the kinetic constant kd. kd is the rate at which
radicals of the initiator are made. It depends on the nature of the initiator and
on the temperature of the reaction. At this point, the initiated radical polymer
chain reacts with the RAFT agent in solution (pre-equilibrium in figure 4.9).
In order to have a well controlled polymerisation, the initial radical made Pn·
interacts rapidly with the RAFT agent to give the intermediate radical species in
the pre-equilibrium step. This intermediate decomposes with a constant rate K 
to give the macro-RAFT agent and the radical R. This last radical re-initiates
the polymerisation in the reinitiation step (figure 4.9). However, the equilibrium
toward the Pn· leads the system to undergo an uncontrolled synthesis, where the
monomer instead is polymerised as a free radical. . The extent of deviation from





  describes the rates at which the intermediate is decomposed to give either the
desired product through k  or Pn· with a kinetic constant k add.
Well controlled polymerisations have a high  . This occurs when the RAFT agent
has a good homolytic leaving group. This aspect is further discussed in section
4.3.2.
The pre-equilibrium terminates when either Pn· or the first reacted RAFT agent
have been fully consumed. This means that for a well controlled polymerisation,
k   is higher than k add, and the reaction moves rapidly to the main equilibrium,
allowing the growth of polymers with low polydispersity.
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4.3.1 Living polymerisation nature
The main advantage of RAFT polymerisation arises from its “living nature”.
In general a living polymerisation is so called when termination processes are
drastically reduced. This feature is achieved when the rate of initiation is much
higher than the chain propagation. This means that all the radicals are produced
at the beginning of the reaction and the propagating chain is in equilibrium with
the dormant chain. This allows the propagation of all the chains at the same rate
leading to a narrow distribution of molecular weight. However, due to the radical
nature of RAFT polymerisation, radical-terminated chains can not be avoided
but just minimised [158].
The slow propagation of the growing chain combined with the correct choice of
the RAFT agent, allows the synthesis of articulated architectures such as star,
graft and block copolymers. The selection of this agent is explained in section
4.3.2.
The insertion of the monomers between the thio group and the leaving (-R ·) group
leads to the possibility of further modification of the polymer after it has been
precipitated and purified. Complex architectures can be obtained either from
branched RAFT agent such in the case of polymer brushes, or by the sequential
modification of block copolymers with di↵erent a nity for the solvent they are
dissolved in. Due to the radical nature of RAFT, monomers used for free radical
polymerisation are also suitable for RAFT synthesis.
4.3.2 RAFT agent
The reactivity of the RAFT agent toward the monomers dictates the overall
reaction. Therefore, the choice of an appropriate RAFT agent is essential for the
synthesis of the desired polymer.
In general, the RAFT agent has to be chosen in such a way that the equilibrium
in the pre-equilibrium step (figure 4.9) is favourable towards the formation of the
dormant species rather than the propagating chain. In this way the RAFT agent
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Figure 4.10 Structure formula of DDMAT
is all reacted at once and the polymerisation quickly reaches the main equilib-
rium. [159]. In order to choose the right RAFT agent it is crucial to choose Z
and R. Even though the double bond C=S is highly reactive, Z changes the reac-
tivity of the RAFT agent towards the monomer. To understand this point it is
useful to divide monomers and their reactivity in radical polymerisation into two
categories: “less activated monomers” (LAM) and “more activated monomers”
(MAM) [160]. MAM are generally vinyl monomers with the double bond con-
jugated to a group that can delocalise the radical such as aromatic ring or a
carbonyl group. This means that the radical is produced more quickly, but it
is more stable. That is why a good control of the reaction is given by a RAFT
agent that is more reactive towards a radical addition. This group of RAFT
agents is usually dithioesters or alkyl thiocarbonylthio species. On the other
hand, for LAM, the radical formed is not stabilised by the adjacent groups which
makes the radical unstable and highly reactive. That is why better RAFT agents
for these monomers are less reactive in the radical reaction. Species like O-alkyl
xanthates and N-alkyl-N-aryldithiocarbamates belong to this category. [161]. For
the synthesis of poly(styrene-co-maleic anhydride) dithiocyanoesters have mainly
been used [100, 158, 160]. For this project 2-(Dodecylthiocarbonothioylthio)-2-
methylpropionic acid (DDMAT) has been used as the RAFT agent (figure 4.10).
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4.4 Polymer self-aggregation
The conformation of big molecules in solution depends on several parameters
that can be distinguished as intramolecular and intermolecular interactions [65].
These can be classified as hydrophobic and hydrophilic e↵ects, hydrogen bonding,
Columbic interactions and van der Waals forces [162]. A well known example for
self-assembled structures is found throughout biology. The tertiary structure of
proteins or the double helix of DNA are two outstanding examples of intra and
inter molecular interactions, respectively.
In synthetic polymers, these dispersive forces are a↵ected by the molecular weight
of the polymer, the polydispersity index and, of course, the type of monomer used
to make the polymer.
Flory [163] studied how the temperature and solvent influenced the aggregation
of polymers in solution. As classic thermodynamics shows, an ideal solution does
not have variation in the enthalpy of mixing. This physically means that the
interaction between polymer and solvent molecules are of the same nature. The
viscosity of a solution has been related to the quality of the solvent used through
the Mark-Houwink law [164] (equation 4.5).
[⌘] = kM↵ (4.5)
where [⌘] is the intrinsic viscosity, k and ↵ are constant and M is the molecular
weight of the polymer. Depending on the interaction among the polymer chain
and solvent molecules, a classification of solvents for a particular polymer can be
made:
• Theta solvent (↵=0.5) Solvents at the theta temperature for which the
polymer chain follows a random coil distribution. This occurs when the
monomer-monomer interactions are of the same nature as the monomer-
solvent (figure 4.11b).
• Good Solvent(0.5< ↵ <0.8): The polymer has favourable interactions
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with the solvent. This leads the polymer to adopt an extended chain con-
figuration. The Rg that results is larger than the one found for a polymer
in the theta condition (figure 4.11a).
• Poor solvent: (↵ >0.8): The polymer has unfavourable interactions with
the solvent. This leads the polymer to have stronger interactions with
itself and avoid contact with solvent molecules. This results in a collapsed
configuration of the polymer (figure 4.11c).
Figure 4.11 Schematic of the arrangement of a polymer in a
(a) good, (b) theta or (c) poor solvent.
However, given a good solvent, the e↵ect of the molecular weight of the poly-
mer is to increase or decrease the flexibility in solution. For a short chain, the
arrangements of the backbone are more elongated than for a higher molecular
weight polymer, which is likely to aggregate. This behaviour is more pronounced
in block copolymers.
In the case of block copolymers the carbon backbone will tend to have an assem-
bled structure in solution in order to minimise the Gibbs free energy and relax to
the lowest energy configuration [162]. In the case of copolymers with amphipathic
nature the hydrophobic block will tend to minimise its exposure to the water en-
vironment. In solution, for example, this is possible if the polymer forms micellar
structures with the insoluble part minimising the contact with the solvent and
making the core of the structure and with the soluble part of the block copolymer
124 4.4 Polymer self-aggregation
forming the corona [165]. If we take into account these parameters (monomers,
solvent, pH, temperature, etc) it is possible to engineer the final structure of a
polymer in solution. Of course, the conformation of a polymer in solution de-
pends on the type of monomers that make the chain and the solvent used to
solubilise the polymer [33]. In previous studies it was shown that pH-responsive
polymers change their architecture [166] going from a spheres to a vesicles to a
flower [167, 168].
4.4.1 pH responsive polymers
Poly(styrene-co-maleic acid) (SMA) belongs to a wide range of polymers that
change behaviour and conformation upon changes in pH [4].
A first classification of pH responsive polymers can be made using their nature,
which can be either a weak poly-base or weak poly-acid. Poly-bases have func-
tional groups that can accept protons at low pH and make a positively charged
polymer. Within this group belong vinylic polymers containing amines, pyridine
or imidazole. SMI discussed in chapter 3 belongs to this classification.
SMA belongs to the second classification of pH responsive polymers. These poly-
mers have acid groups that can be protonated at low pH. Acid group types can
be carboxylic, sulfonic, phosphonic or boronic. Acidic groups on the surface of
a nanostructure give rise to potential biological applications. Physiological char-
acteristics among organs can vary, while changes in the pH between the internal
and external compartments of a cell can be used to disrupt and release drugs from
pH responsive polymer platforms. Other than the pH, however, properties such
as temperature (thermoresponsive polymers), light (photoresponsive polymers)
or salt can also be used to study and optimise potential polymeric drug delivery
platforms [169, 170].
Due to protonation/deprotonation of functional groups, the polymer can become
completely insoluble in the media and precipitate, or can flocculate. In the case
of a block copolymer with a pH responsive functional group the polymer can
self assemble in several structure as discussed in section 4.4. By using a block
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copolymer in which half of the block is soluble at low pH and half soluble at high
pH, a phase inversion can occur (figure 4.12).
4.4.2 SMA self-aggregation
As for any pH responsive polymer, SMA has a di↵erent behaviour in aqueous
solution when the pH is changed. This is due to the changes in the intra and
intermolecular forces experienced among polymer chains arising from hydrogen
bonding. Theoretical studies have shown how SMA, in a similar way to proteins,
can assume primary, secondary and tertiary structures [171]. The primary struc-
ture consists of the interactions among polymer chains due to two main e↵ects:
hydrophobic interactions and hydrogen bonding. Unlike hydrogen bonding, the
hydrophobic e↵ect due to styrene-styrene interactions occurs at any pH condi-
tion. The hydrogen bonding e↵ect, instead, relies on the pH of the solution in
which the polymer is dissolved. Rigid structures can be obtained from SMA
co-polymers at the first pKa, in which just half of the acid group is protonated.
At this condition, strong hydrogen bonding can be formed among maleic acid
groups of di↵erent chains. The fewer degrees of freedom of the polymer due to
the hydrogen bonding interaction, lead the polymer to arrange in solution in rigid
structures such as cylinders. These theoretical studies [171, 172] were confirmed
by SANS experiment carried out on SMA solutions at pH=7 [173].
4.5 Synthesis of poly(styrene-co-maleic anhydride)
Synthesis of poly(styrene-co-maleic anhydride) is well established in polymer
chemistry. Used as a surfactant at low molecular weight or as a plastic mate-
rial for high molecular weights, due to its low cost and availability, it has been
produced on large scale for decades.
The copolymerisation of styrene and maleic anhydride lead to a mainly alternat-
ing co-polymer.
The kinetics of polymerisation for styrene and maleic anhydride has been studied
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Figure 4.12 Schematic of supramolecular structures formed by
block copolymers that can be obtained upon changes of pH. Re-
produced from Ref. [4] with permission from the Royal Society
of Chemistry
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in the literature using a continuous polymerisation process. The mechanism for
this reaction was studied according to the steady state principle [174], which leads
the polymer chains to have the same ratio as that of the monomers in the reactor
vessel
It has been seen that when increasing the temperature of the reaction, the alter-
nating nature of the copolymer become less and less pronounced.
Even though the synthesis of poly(styrene-co-maleic anhyride) and its reaction
rate has been widely investigated, the reasons that lead to the formation of an
alternating copolymer are still unclear. A few mechanisms have been proposed:
a terminal model, where the rate of the propagation is a↵ected by the propagat-
ing radical and the monomer [175] , or a penultimate unit model (PUM) [176]
which proposes that the propagation rate of the polymer depends also on the
penultimate unit, rather than just the terminal radical. This has been theoreti-
cally explained as a steric e↵ect on the transition state . Another model suggests
the formation of a charge transfer complex [177]. Even though this has been
observed by spectrochemical analyses, the mechanism that leads to this complex
to be added to the propagating chain, is still unclear.
Due to the synthesis route of the commercial copolymer, a semi-alternating block
can also be observed. In general, for copolymers of styrene and maleic anhydride it
must be remembered that maleic anhydride, due to its strong electrophilic nature
cannot homo-polymerise. For this reason there are three possible combinations
in which styrene and maleic anhydride can polymerise, as reported in figure 4.13.
The semi-alternating block (SSM in figure 4.13 leads the copolymer to have a
random structure.
It has been shown, however, that by carrying out a slow controlled reaction with
RAFT it is possible to reduce the number of SSM triads and to synthesis a block
co-copolymer of styrene-alt-maleic anhydride with a styrene tail if the ratio of
styrene to maleic anhydride is greater than 1:1.
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Figure 4.13 Possible combinations of triads for SMA copoly-
mers
4.6 RAFT synthesis of SMA
In this project the polymer synthesis was carried out by varying the concentration
of the maleic anhydride and the styrene to make di↵erent molecular weights, using










It has been shown by Bayburt and collaborators that the length of a membrane
sca↵old protein a↵ects the size of the nanodiscs [24]. In previous studies in the
Edler group, however, changes in the molecular weights of commercial SMA co-
polymers showed no correlation among these parameters [84]. TThe commercial
copolymer, however, has a high polydispersity index and a random structure
[178]. For this reason, it is plausible that the overall size of nanodiscs does not
increase with the molecular weight of the polymer used.
For the experiments reported here several molecular weights and styrene to maleic
anhydride compositions were used. Table 4.1 shows the targeted molecular weight
and the amounts of styrene, maleic anhydride, RAFT agent and AIBN used.
A typical synthesis of a 6 kDa polymer with a styrene:maleic anhydride molar
ratio of 2:1 was made as follows: 0.40g of maleic anhydride (puriss., 99.0% (NT),
Sigma Aldrich), 1.00g of styrene (ReagentPlus, contains 4-tert-butylcatechol,
Sigma Aldrich) , 0.005g of recrystallised AIBN (98%, Aldrich) and 0.040g of
DDMAT (98%, HPLC, Aldrich) solubilised in 4.4 mL of 1,4-dioxane (anhydrous,
99.8%, Sigma-Aldrich). Styrene was run through a prepacked column, to remove
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tert-butylcatechol. The listed reagents were purchased and used without any
further purification.
Due to the radical nature of the polymerisation, three freeze-pump-thaw cycles
were undertaken prior to the reaction. To make sure no oxygen would enter into
the reaction vessel, the round bottom flask was left in a slightly over pressured
nitrogen atmosphere and placed in a preheated oil bath or hot plate at 60 C for
about 20 h. The viscous solution obtained was then suspended in the minimum
amount of THF (ACS Grade, VWR) and was then precipitated in diethyl ether
(99.8%, Sigma Aldrich). The resulting powder was filtered under vacuum using
a Bu¨ckner funnel. This procedure was repeated 3 times in order to remove any
unreacted monomer, oligomeric material and solvent. The resulting polymer was
placed in the oven at 70 C overnight.











(A) 4 kDa (2:1) 0.67 0.27 0.07 0.007
(B) 6 kDa (2:1) 1.00 0.40 0.07 0.007
(C) 8 kDa (2:1) 1.33 0.54 0.07 0.007
(D) 10 kDa (2:1) 1.66 0.67 0.07 0.007
(E) 15 kDa (2:1) 2.5 1.01 0.07 0.007
The maleic anhydride of the polymer needs to be hydrolysed in order to make
the water soluble polymer used to make the final nanodiscs. The procedure used
is reported below: For a general SMA-copolymer hydrolysis, 1g of SMARAFT
polymer was dissolved in 100 mL of 2M NaOH in a 250 mL round bottom flask.
This solution was stored in fridge overnight. The hydrolysis was then carried out
by refluxing the solution at 120 C for 3 h. The round bottom flask was cooled to
room temperature and 2M HCl was added in order to precipitate the polymer,
which was insoluble in the protonated state. The precipitate was centrifuged
in a Eppendorf 5804R centrifuge at 6000 rpm in 50 mL eppendorf tubes for 10
minutes and washed with deionised water (Milli-Q, 18.2 M⌦) 3 times. To ensure
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a full precipitation of the polymer, the pH of the supernatant was checked with
pH paper and maintained at pH=5. The last precipitate was dissolved in a
minimum amount of 1M NaOH solution and the pH was adjusted to 8. To obtain
a powder, the polymer solution was frozen and then placed in the freeze-dryer
VirtisSP Scientific Bench Top Pro at -80 Cand 20 Pa overnight.
4.7 Polymer characterisation
After the polymerisation was carried out, the degree of conversion of the monomer
was measured using gravimetry. An aliquot of the reagents was withdrawn from
the vessel reaction before the temperature was increased. This procedure was
repeated before the polymerisation was stopped. A 1H NMR was carried out
(figure 4.14) on the starting material and the final sample. The peaks attributed
to the styrene and maleic anhydride disappears from the 1H NMT spectrum
whereas the broad peak due to the polymer appears. The conversion was found
to be 100% for polymerisations carried out at 60 C for 20h.
The molecular weight of the polymer was worked out in a first analysis using a
gravimetric method, and then using a GPC.
For the gravimetric analysis, the polymer is weighed after being precipitated and





where gfin is the amount of polymer collected at the end of the polymerisation,
after being dried at 70 Cin the oven overnight and gin is the total amount of
reagents added to the reaction vessel. This calculation is possible due to the
equivalent molecular weight of both monomers before and after the polymerisa-
tion. The conversion is equivalent to the degree of polymerisation, which can be
substituted in equation 4.6 to give the theoretical nominal molecular weight.
In order to make samples for GPC, 1.5mg of polymer was dissolved in 3mL of
THF. The polymer was left to equilibrate overnight. In order to obtain the
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Figure 4.14 1H NMR spectra for an initial (black) and final
(red) of reaction mixture . Peaks attributed to styrene and maleic
anhydride are highlighted using arrows as Sty and MA respec-
tively.
molecular weight of the polymer, a polystyrene of known molecular weight was
run as a standard. Figure 4.15 reports a typical measurement for a GPC analysis.
Figure 4.15 Typical GPC analysis for SMARAFT co-polymer
(blue line) and polystyrene standard calibration (blue dot) at
25 C.
The characterisation of the SMARAFT anhydride was followed by the hydrolysis
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Table 4.2 Molecular weight of SMARAFT polymer synthesised
in this work obtained from (⇤) gravimetric conversion analysis












(A) 4 kDa (2:1) 62 3.6 4.8 1.2
(B) 6 kDa (2:1) 75 2.3 6.3 1.2
(C) 8 kDa (2:1) 73 5.4 7.9 1.1
(D) 10 kDa (2:1) 70 7.0 8.5 1.2
(E) 15 kDa (2:1) 84 8.4 16.6 1.2
. Polymer solutions were then analysed using several techniques.
4.7.1 DLS measurements
Characterisation of polymers on their own was carried out before the polymers
were combined with lipids.
Polymer solutions were run at the same concentration used to make nanodiscs
(1.5%wt) using dynamic light scattering (DLS). DLS measurements are performed
the day after the polymer was dissolved in phosphate bu↵er solutions (PBS), 50
mM, NaCl 0.2M at pH=8 checked using pH paper. This allows the polymer
to relax to an optimal conformation. The results reported in figure 4.16, as
expected, show an increase in size of the polymer structures in solution with
increasing molecular weight.
The diameter of the structures determined from DLS measurements, with the
molecular weight obtained from GPC measurements, are reported in table 4.3.
The tendency of the polymer to aggregate in aqueous solution can be detected by
calculating the theoretical Rg. If the polymer behaved ideally, the structures in
solution would match a Gaussian coil distribution. In the case that the polymer
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Figure 4.16 DLS measurements of polymer solutions in PBS
(50mM, 0.2M in Nacl) made at 1.5%wt of SMARAFT acid at 25 C.
Several molecular weight are reported : (a) 4 kDa, (b) 6 kDa, (c)
8 kDa and (d) 10 kDa.
where b is assumed as the e↵ective C-C bond length (0.1526nm) [179] and N is
the number of bonds in each chain. The 4 kDa polymer has two distributions,
one ⇠3 nm and the other one ⇠ 10.5 nm. The first distribution is close to the
value found for a Gaussian coil distribution. The first peak is just slightly bigger
than the one found for a single polymer chain. The smaller peak is than probably
due to small aggregates of polymer in solution, whereas the largest part of this
polymer behaves like a surfactant making large aggregated structures, possibly
similar to micelles.
Table 4.3 Radius of gyration and structure diameter from the
DLS measurement reported in figure 4.16 for polymer solutions







(A) 4.8 kDa (2:1) 1.11
3 ±1
10.5±3
(B) 6.3 kDa (2:1) 1.33 12.8±3
(C) 7.9 kDa (2:1) 1.44 13.5±3
(D) 8.5 kDa (2:1) 1.48 15.5±3
(E) 16.6 kDa (2:1) 2.14 32.8±5
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As it is obvious from table 4.3, apart from the 4 kDa polymer, all the other poly-
mers present much bigger structures than would be expected for a Gaussian coil
approximation. Due to the styrene tail, which has a high tendency to avoid water,
the polymer is likely to minimise the contact with the solvent by arranging in
supramolecular structures. In general, core shell structures for block copolymers
made of a hydrophobic and a hydrophilic region have been widely reported for
amphiphilic block co-polymers [180, 181], including SMA [182].
4.7.2 Proton NMR
After the polymer was synthesised following the procedure reported in section 4.5
, 1H NMR was carried out to find the ratio of styrene to maleic anhydride in the
polymer. Figure 4.17 shows 1H NMR spectrum spectrum for a SMA copolymer.
Figure 4.17 1H NMR spectrum for a 15 mg/mL solution of
SMARAFT dissolved in d-acetone.
Peaks relating to the RAFT agent in figure 4.17 are assigned using values
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from the literature [183]. The end group from the RAFT agent is integrated
and assigned to 3 protons. The integration of the peaks are carried out from
6.0 to 8 ppm (styrene aromatic ring), 3 to 3.5 ppm (maleic anhydride protons)
and 2 to 2.5 ppm (styrene aliphatic protons). In order to obtain the ratio of
styrene to maleic anhydride, the area underneath those peaks are divided by 5,
2 and 3 respectively [184]. From the area of the peak from the aliphatic and aryl
regions we can calculate the ratio between styrene and maleic anhydride. Table
4.4 reports the nominal and experimental styrene to maleic anhydride ratio found
using 1H NMR.
Table 4.4 Ratio of styrene to maleic anhydride gained from 1H
NMR analysis.
Copolymer Ratioth Sty:MA Ratioex Sty:MA
4 kDa 1:1 1.8:1
4 kDa 2:1 1.9:1
6 kDa 2:1 2.0:1
8 kDa 2:1 2.3:1
10 kDa 2:1 2.0:1
4.7.3 FTIR
FTIR was used to check the conversion from anhydride to acid, after the hy-
drolysis process explained in section 4.6. Figure 4.18 reports an example of the
analysis for a 6 kDa copolymer.
FTIR spectra show the conversion from the anhydride to the acid form of the
polymer. Peaks between 1700 and 1800 cm 1 are typical of the carboxylic group
of the anhydride. This peak is highlighted in the spectrum at 1775 cm 1. After
the hydrolysis this peak is below the limit of detection, highlighting a high degree
of conversion. In the SMA acid form, instead, there is a peak present at 1555
cm 1 which is typical of a carbonyl group and at 3200 cm 1 which is characteristic
of the -OH stretching [185, 186].
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Figure 4.18 FTIR spectra for SMA powder. The graphs re-
ports the patterns for the anhydride (continuous line) and acid
(dotted line). The wavenumbers for anhydride and the acid func-
tional groups are shown at 1775 cm 1 and 1555 cm 1 are shown
respectively.
4.8 Characterisation of nanodiscs made from SMARAFT
polymers
4.8.1 DLS and neutron scattering analysis
Nanodiscs were made using the procedure reported in section 2.13.2. Previous
studies of SMARAFT polymers with lipids showed that no free polymer was left in
solution [84]. For this reason nanodiscs were made with no further purification.
An initial analysis was carried out using the DLS in the University of Bath to
check the nanodiscs stability over time and to correlate the size of the system
to the molecular weight of the investigated copolymer. As shown in figure 4.19,
an increase in the molecular weight of the polymer leads to an increase in the
diameter of the structures in solution.
A similar experiment was carried out by Craig and co workers [152]. In their
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(a) DLS measurements - Volume percent
vs Size (d - nm)
(b) Trend of nanodiscs size with MW of
the polymer used
Figure 4.19 DLS measurements for nanodiscs made at 0.5%
wt of DMPC and 1.5% wt of SMARAFT with di↵erent MWs, in
50 mM PBS, 0.2M NaCl, pH=8. Measurements were acquired at
25 C
study they had synthesised 3 di↵erent molecular weight and changed the ratio of
styrene to maleic acid. No di↵erence in the size of the particles was detected with
DLS with increasing molecular weights in Craig’s work. However they detected
an increased size of the particles with an higher ratio of styrene to maleic acid.
The main di↵erence between this and our experimental work carried out at the
University of Bath, is the choice of the phospholipid used. In their research Craig
and co-worker have used POPC and POPG. . The unsaturated chains could lead
to the discrepancy in the results.
In order to characterise the structure of the aggregates analysed with DLS, the
same samples as those reported in figure 4.19 were examined using Small Angle
Neutron Scattering (SANS) at ISIS (on the SANS2d beamline). Scattering pat-
terns from these samples are reported in figure 4.20. For scattering patterns of
freshly made samples, the background was not subtracted, but was included in
the fitting as a linear flat background term. This is revealed in the high back-
ground signal for pattern reported in figure 4.20 on the left column. Data from
aged samples had a background subtracted during data reduction. Due to limited
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time on the beam line, only 3 MWs have been analysed using SANS.
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(a) 1d 4 kDa (b) 15d 4 kDa
(c) 1d 6 kDa (d) 15d 6 kDa
(e) 1d 8 kDa (f) 15d 8 kda
Figure 4.20 Scattering patterns acquired in SANS2d arising
from a nanodiscs solution made at the same concentration of
polymer (1.5% wt) and DMPC (0.5% wt). On the left hand side
are reported scattering pattern after 1 day (a,c,e) and after 15
days (b,d,f) from the sample preparation. Contrasts run were d-
DMPC in h-PBS (red), d-DMPC in d-PBS (green) and h-DMPC
in d-PBS (blue). Measurements were acquired at 25 C
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Due to the high number of parameters, a step-wise analysis was carried out.
Parameters for the thickness of the bilayer core and head were held during the
fitting at 28 A˚ and 8 A˚, respectively [138]. The hydration of the head was
fixed to 0.57 mol% [139]. Values of the temperature, dielectric constant and
salt concentration were held and are reported in table 3.4. Before starting the
simultaneous global fitting analysis, a preliminary fitting of the curve was done
and general parameters were obtained for the core radius, PDI and rim thickness,
using the data for the sample that has the highest contrast, which is h-DMPC in
d-PBS. The returned values were used to fit the scattering pattern arising from
solutions containing a disc with a deuterated core and deuterated bu↵er. Using
this contrast, the scattering arises mainly from the polymer in solution, so it was
used to fit the thickness of the rim and the percentage of water in the polymer
rim. Moreover the penetration of the polymer into the core was fitted from the
scattering pattern of deuterated lipid in hydrogenated solvent. The SLD of the
deuterated core was allowed to vary, so the polymer percentage was calculated
as a linear combination of both the SLD of the phospholipid and the polymer
respectively. This value was then used to back-calculate the SLD of the core
for the disc made with h-DMPC. These values (belt thickness, water percentage
in the rim, and the percentage of polymer in the core) were fixed during the
simultaneous global fitting. Parameters obtained from the aforementioned fitting
are reported in table 4.5
Table 4.5 Fitted parameters for SANS patterns reported in
figure 4.20
4 kDa 6 kDa 8kDa
Fresh Old Fresh Old Fresh Old
Core Radius (A˚) 30±3 50.4± 5 36.9± 4 42±3 50± 3 49±4
PDI 0.54 ± 0.2 0.1 ±0.1 0.57±0.1 0.31±0.1 0.2 ±0.1 0.2 ±0.1
Rim Thickness 12 ±3 10.8 ±3 15±3 10.5±2 13.6±3 ±3 6.8 ±3
Polymer Penetration (%) 13 ±2 37 ±3 14±2 37± 3 13 ± 31 ±3
Rim mol frac H2O 0.8±0.3 0.5±0.2 0.8±0.3 0.3±0.2 0.5±0.3 0.67±0.3
Even though 15 parameters were used to fit the data, in this model the strategic
fitting above led to a good fit, in agreement with the preliminary DLS results. In
fact, the validity of these results showing the tendency of nanodiscs to increase in
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size upon increasing molecular weight of the polymer is reinforced by the tendency
to get smaller with time, observed in both SANS and DLS.
The hydration of the polymer rim is calculated in the model as a linear combina-
tion of the SLD of solvent and polymer with their respective molar ratio. Fitting
shows that the hydration of the rim is decreasing with time, which means that
the SLD of the polymer rim region is changing. This change in the hydration is
more likely to be due to a di↵erent configuration of the polymer in the discs. In
fact after 15 days the polymer penetration into the core increases, which leads
the rim region to have lower polymer density, which leads the SLD to change
and the rim thickness to decrease, while the core radius tends to increase, also
suggesting that the polymer penetrates more into the core with time.
The stability of these structures was also studied using DLS in Bath. Figure 4.21
reports the behaviour of nanodiscs when stored at di↵erent temperatures and
confirms this trend first noted in the SANS patterns. Nanodiscs were analysed
after 7 days using DLS, the trend of which is reported in figure 4.16. This sample
was then split in two, half was stored for a further 5 days at room temperature,
whereas the other half was stored in the fridge (4 C). Both samples of nanodiscs
decreased in size over this time period, which is probably due to a relaxation of
the polymer around the phospholipid core. This behaviour follows that detected
with SANS, as reported in table 4.5. Moreover, this trend is more prominent
for nanodiscs made using polymers with higher molecular weights. This is most
probably due to the larger number of intramolecular interactions in higher molec-
ular weight polymers, which take more time at the beginning to disrupt the initial
core-shell structure and wrap around the lipid core.
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Figure 4.21 DLS measurements of nanodiscs made with
DMPC (0.5% wt) and with SMA (a)4.8, (b)6.3, (c) 7.9 and (d)8.5
kDa (1.5% wt). Blue columns report a DLS measurement after
7 days, orange columns are measurements after a further 5 days
at room temperature and grey columns are DLS measurements
after a further 5 days in the fridge.
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Although poly(styrene-co-maleic acid) has been the most widely used copolymer
to make nanodiscs, a few recent publications have shown the possibility to make
nanodiscs using polymers of di↵erent physical/chemical characteristics [109, 187].
Oluwole [187] showed a successful solubilisation of membrane proteins using a
copolymer where the styrene moiety is substituted with a hydrophobic chain made
of isobutylene. Use of this copolymer bring advantages in terms of spectroscopic
studies of membrane proteins [187].
Lindhoud and collaborators [109] showed the possibility to solubilise lipid bilayer
membranes in disc-like shape structures using thyol styrene co-polymer. In order
to test the important interactions allowing nanodiscs formation, in this project a
modification of the copolymer in terms of hydrophobic to hydrophilic ratio was
carried out.
Other than making several di↵erent SMARAFT molecular weights as shown in
paragraph 4.5, the chemical structures were modified as well. Two main changes
were made in order to get a polymer with novel characteristics. In one case the
polymer was synthesised using para-methylstyrene as one reagent, which led to
increased hydrophobicity, whereas in the other case, the polymer was reacted with
a di-amine making a zwitterionic copolymer. This gave the opportunity to work
in a wide range of pHs, from acidic to basic. More details about the synthesis and
the characterisation of structures made using these copolymers is given in section
4.9.1 and 4.10 for the poly(methylstyren-co-styrene-co-maleic acid) copolymer
and the zwitterionic copolymer respectively.
4.9.1 Poly(p-methylstyrene-co-maleic anhydride)
p-methylstyrene di↵ers from styrene by one methyl group in the para position
with respect to the styrene group. This polymer was synthesised using RAFT
polymerisation in Bath using the procedure described below.
A typical synthesis of poly(para-methylstyrene-co-styrene-co-maleic anhydride)
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Table 4.6 Values for the ratio of SMAmet and molecular weight
values from GPC with polydispersity index.⇤ GPC for this poly-
mer returned high polydispersity




SMAmet 1.0 1 1 1 8163 1.12
SMAmet 0.8 0.8 1.2 1 n/a⇤
SMAmet 0.6 0.6 1.4 1 7354 1.11
SMAmet 0.4 0.4 1.6 1 7190 1.11
SMAmet 0.2 0.2 1.8 1 7256 1.14
was made such that the ratio between the arylic and aliphatic groups is kept at a
2:1 molar ratio, but the percentage of para-methylstyrene and styrene was varied.
These ratios are reported in table 4.6.
In order to make the polymer match as close as possible to the SMA 6 kDa
polymer, which was the one most frequently used in this and previous projects,
the degree of polymerisation for the novel copolymer was calculated to be the
same as the 6 kDa (40 aromatic repeating units and 20 repeating units of maleic
anhydride). The procedure followed for this reaction was almost identical to that
explained in section 4.5 for a one pot reaction. para-methyl styrene was purchased
from Sigma Aldrich (96%, contains 3,5-di-tert-butylcatechol as inhibitor). 1.62g
of maleic anhydride, 2.26g of p-methylstyrene, 2.00g of styrene, 0.025g of AIBN
and 0.28g of DDMAT were solubilized in 4.4 mL of 1,4-dioxane. Due to the
radical nature of the polymerisation, the reaction was carried out in an oxygen
free environment using the same procedure explained in section 4.5.
DLS analysis
From the structural point of view, a very small change was made in the polymer
structure. The structure of the copolymer is reported in figure 4.22.
As for the analysis of SMARAFT and SMI copolymers, this novel copolymer was
analysed using DLS, at 1.5% wt in PBS at pH=8, NaCl 0.2M. The DLS patterns
are reported in figure 4.23
Even though just a small change was made in terms of molecular structure, the
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Figure 4.22 Molecular structure of poly(para-methylstyrene-
co-styrene-co-maleic anhydride) block copolymer.
Figure 4.23 DLS for para-methyl styrene copolymer at 1.5%
wt, PBS 50mM, 0.2M NaCl, acquired at 25 C.
behaviour of these polymers in aqueous solution di↵er enormously from that of
the SMARAFT copolymer. A lower solubility of the polymer was expected, due
to the methyl styrene in the para position, which increases the hydrophobicity
of the polymer. However, DLS showed that the SMAmet polymers (figure 4.23)
are more aggregated than the SMARAFT (4.19a), although it is still possible to
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Figure 4.24 Surface tension measurement carried out for para-
methyl styrene copolymer solution at 0.5% wt, in PBS, pH=8.
Prior to the measurement the probe was calibrated against pure
water. Measurements were acquired at 25 C
see a tendency for the big aggregates in solution to decrease in intensity when
the percentage of para-methyl styrene is decreased. Increasing the hydrophobic
to hydrophilic ratio usually causes the structures of the polymer in solution to
become bigger because of the hydrophobic e↵ect among the polymer chains. [188,
189].
In order to have a qualitative assessment of the hydrophobicity of the polymer,
the surface tension of the polymer in solution was measured. Due to the high
relaxation time of the polymer, a 0.5% wt of the solution was made up the day
before the measurement. Moreover, after the solution was placed in the vessel,
the solution was left static for 1.5 h. Surface tension analysis is reported in figure
4.24
Since the measurements showed a decreasing surface tension over time, the data
were fit with an exponential curve and the surface tension was extrapolated to a
value at infinite time. These values are reported in table 4.7
As expected, the limiting surface tension increases with decreasing percentage of
m-styrene content in the polymer. The surface tension of poly(para-methylstyrene-
co-styrene-co-maleic anhydride) copolymers were compared with that of the SMARAFT
6 kDa co-polymer described in section 4.6 and with SMA2000P, the commercial
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Table 4.7 Surface tension values at 25 Cfor 0.5% wt solution
of para-methyl styrene copolymers in PBS with 0.2 M NaCl ex-








SMARAFT 6 kDa 60.2
SMA2000P 38.5
copolymer used commonly used to make discs [36]. For the first copolymer the
limiting surface tension is around 60.2 mN/m whereas for SMA2000P surface
tension was found to be 38.5 mN/m [84]. The commercial copolymer SMA2000P
has a random structure and, as shown in [84], makes a Gaussian coil structure
in solution. In this scenario the hydrophobic styrene moieties are more exposed
to the water environment and so the polymer adsorbs much more strongly at
the interface, decreasing the amount of styrene exposed to the water. Di↵erences
between the SMARAFT 6 kDa co-polymer and the para-methyl styrene copoly-
mer may be due to the fact that, as shown from DLS data in figure 4.23 the
copolymers are much more aggregated than the SMARAFT 6 kDa. The higher
packing of para-methyl styrene can be due to either the higher molecular weight
of para-methyl styrene than that of SMARAFT 6 kDa, about 7000 and 5000 kDa
respectively. The more folded structure is revealed from surface tension as well.
For para-methyl styrene copolymer no equilibrium is reached after 26 h. In this
scenario less of the hydrophobic region of the copolymer is exposed to water and
so less polymer adsorbs at the interface.
Small Angle Scattering Analysis
In order to understand the structures in solution, the copolymers were analysed
using SANS. In figure 4.25 are reported scattering patterns acquired on SANS2d
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at ISIS.
Figure 4.25 SANS scattering patterns acquired on SANS2d for
para-methyl styrene co-polymer in d-PBS, 50mM, 0,2M NaCl at
1.5% wt of copolymer.
Polymer solutions were made up in the same way as for DLS, but in deuterated
bu↵er. PBS (50 mM) and 0.2M NaCl was used to make up samples. In order
to fit the scattering pattern a polymer micelle model was used. This model is
described in section 2.6.1. From a spatial arrangement perspective, the polymer
is modelled as a core with a defined SLD and a shell made of Gaussian spheres
of radius Rg corresponding to the hydrophilic alternating part of the copolymer.
SLDs for the core and the Gaussian coils were calculated to be 1.4X10  6 A˚ 2 and
2.0X10  6 A˚ 2respectively. Bumps observed in the model are due to the absence
of polydispersity in the model, which would smear out these. No structure factor
is included in the model.
Table 4.8 show that structures have an overall size around 100 A˚, which is in
4.9 SMA modification 149
Table 4.8 Main parameter for the fitting shown in figure 4.25
SMAmet 1.0 SMAmet 0.8 SMAmet 0.6 SMAmet 0.4 SMAmet 0.2
Core Radius (A˚) 30 ± 2 42 ± 2 33 ±2 34 ±2 31 ± 2
Rg (A˚) 21 ± 2 27 ± 2 20 ±2 20 ± 2 20 ± 2
agreement with the distribution of small structures found with DLS. Bigger ag-
gregates detected in DLS are not detected in SANS in the q range studied. The
larger size of the core for SMAmet 0.8 is likely to be due to the high polydispersity
found with GPC.
4.9.2 poly(para-methylstyrene-co-styrene-co-maleic anhy-
dride) stabilised lipid structures
para-methyl styrene copolymers were used to make aggregates with lipids using
the same procedure described in section 2.13.2. Structures were analysed accord-
ing to the procedure adopted for nanodiscs made with SMA and SMI polymers.
DLS data was used for preliminary analysis followed by SANS data collected on
SANS2d.
Figure 4.26 DLS measurements of structures made using para-
methyl styrene copolymers with DMPC (0.5% wt) in 50 mM, 0.2
M NaCl at 25 C
Figure 4.26 shows how increasing the hydrophobicity of the polymer, destabilises
the formation of smaller structures when mixed with DMPC. In fact, the struc-
tures at ⇠ 10nm decreased in intensity when higher percentages of para-methyl
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styrene were present in the polymer.
A structural analysis of the sample was carried out using SANS on SANS2d. Since
the DLS on these SMARAFT copolymers showed that a monodispersed sample
was generated before and after gel samples were freshly made and measured. An
unexpected behavior, however, was shown for these samples. Figure 4.27 shows
the scattering patterns acquired for the structures made using SMAmet 1.0 and
several contrasts of PBS and lipids. The black square highlights the contrast of
d-DMPC in h-PBS. This contrast should show the core of the structure. The
bump at 0.15 A˚ 1 in figure 4.27, however, shows a di↵erent structure which was
not possible to analyse with conventional models available in the NIST SANS
Analysis software Igor 6.3 used to fit the other sets of data.
Figure 4.27 SANS patterns acquired on SANS2d for para-
methyl styrene copolymers at 1.5%wt in PBS 50 mM, 0.2M NaCl
at di↵erent para-methyl styrene:styrene: maleic acid composition.
Measurements were acquired at 25 C
Previous work has shown how important the e↵ect of the hydrophobic to hy-
drophilic ratio of the polymer is on self-assembly [84, 110]. When copolymers
with a styrene to maleic acid ratio of 1:1 are involved, the self-assembly process
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that forms nanodiscs does not occur. Moreover Idini [84] showed that polymers
with high molecular weight that made big aggregates in solution were less likely
to form nanodiscs. Both surface tension and DLS (figure 4.24 and 4.23) show
that these copolymers are aggregated and less soluble than SMARAFT 6 kDa. It
can be speculated that the higher packing leads the polymer to prefer the folded
structure over interactions with the lipids. In this scenario, the lipids minimise
their interaction with water by interacting with the hydrophilic corona of the
polymer. The penetration of polymer into monolayers at the liquid air interface
was assumed to involve strong SMA interactions with the the head group of the
lipids, suggested by previous studies for commercial SMA di↵using into DMPC
and DMCP/DMPG mixed monolayers at the liquid air interface [110]. This pen-
etration was studied in this project as well using neutron reflectivity to identify
the position of the polymer in the monolayer (see chapter 5). A schematic of the
potential structure is reported in figure 4.28
Figure 4.28 Schematic representation of the presumed struc-
ture assumed from para-methyl styrenecopolymers in presence
of DMPC. Dark grey represents the hydrophilic polymer shell
around the light grey hydrophobic polymer core
para-methyl styrene SMA copolymer was transferred to Birmingham Univer-
sity, to collaborators in the Biology Department where it was also used to extract
membrane protein from cells. These polymers were reported to perform poorly
at protein extraction so this work was not pursued further
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Table 4.9 Values for amounts of reagents used in the synthesis
of zwitterionic copolymers.







6 kDa 2:1 ZWI6kDa 2:1 0.5 0.156 30
11 kDa 2:1 ZWI6kDa 2:1 0.5 0.156 25
20 kDa 1:1 ZWI20kDa 1:1 0.5 0.260 32
4.10 Synthesis of Zwitterionic copolymers
Zwitterionic polymers based on SMA made from RAFT copolymers with di↵erent
MW and ratios of styrene to maleic anhydride were also synthesised. Use of a
zwitterionic copolymer allows a wider working pH range, going from pH= 4 to
pH = 10 overcoming current restriction on commercial SMA which is only soluble
above pH=7.5.
Synthesis of zwitterionic copolymers was carried out in DMF (dimethylformide)
(ACS reagent, 99.8%, Sigma Aldrich). In general 0.5% wt of polymer was solu-
bilised in DMF (0.5 g of polymer in 100mL of DMF). The solution was cooled
down in an ice bath. The low concentration and the low temperatures reduced
side products such as cross linked polymers. After the polymer had completely
solubilised, a syringe pump (Cole-Parmer Single-syringe infusion pump, 230 VAC)
was used to add 25 mL of a solution of 0.1M of 3-(dimethylamino)-1-propylamine
(DMAPA)(99%, Aldrich) over 1h. Table 4.9 reports the quantities of the reagents
for each zwitterionic copolymer synthesised.
The solution was stirred for 3 hours and then split in two: half was precipitated
in diethylether, filtered and dried in the oven at 70 C for 2 days to obtain the
zwitterionic copolymer. The other half of the solution was heated at 100 C in a
vacuum oven for 3 hours or in a microwave at 70 for 15 min. It was precipitated in
water and dried in the oven at 70 C for 2 days. The reaction by which the polymer
was made is reported in figure 4.29. The zwitterion species is the intermediate for
making SMI polymers. After the ring is opened the reaction can proceed through
a ring-closing reaction and make SMI. Commercial SMI co-polymer have been
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extensively discussed in chapter 3.
(a)
(b)
Figure 4.29 Schematic of the reaction from (a) SMARAFT 6
kDa to zwitterionic polymer and from (b) zwitterionic polymer
to SMI.
Three SMARAFT co-polymers were reacted with DMAPA to make the zwitterionc
species. Table 3 report the starting SMARAFT , the amount of DMAPA and the
conversion of the reaction.
Unfortunately the ring-closing reaction to make SMI, even though it was tried
extensively during the project, was not successfully carried out. Di culties with
the crosslinking reaction were found, which led to insoluble polymers. The FTIR
spectra of both zwitterion and crosslinked SMI are reported in figure 4.30 and
compared with the starting SMA used for the reaction.
Figure 4.30 shows that, for the zwitterion step, the peak at 1700 cm 1, which
is related to the carbonyl group of the maleic anhydride, disappears completely,
which suggest a total conversion for the reaction from the anhydride to the zwit-
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Figure 4.30 FTIR spectra of SMA (bottom line), zwitterionic
polymer (central line) and SMI (top line).
terion polymer. Moreover, a broad signal appears around the region of 3000 cm 1
which is due to the stretching of the –OH gorup.
After the ring-closing reaction, the powder was analysed in the same way as the
zwitterionic polymers using FTIR after precipitation in water and filtering. This
last reaction, due to crosslinking, returned an insoluble resin. Several solvents
were used: acetone, DMF, THF. None of these solubilised the SMI powder. The
FTIR spectrum in figure 4.30 has a higher background in the finger print region
of the spectrum. The reduction in the relative intensity of FTIR peaks was shown
for crosslinked polymer of PVA in [190].
4.10.1 DLS and SANS analysis
As for the other polymers analysed in this thesis, 1.5% wt solutions of the zwit-
terionic polymer were made up at di↵erent pH using acetate bu↵er (pH=5) or
phosphate bu↵er (pH=7 and 8) 50 mM and NaCl 0.2M. DLS and SANS results
are reported in figure 4.31. SANS analysis was carried out for these polymers us-
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ing an ellipsoid and a fuzzy sphere which are both described in section 2.6.1. No
structure factor was used for the fitting. The SLD for the polymer was assumed
to be 1.96x10 6 A˚ 2 as for commercial SMI.
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(a) SANS (b) DLS
(c) SANS (d) DLS
(e) SANS (f) DLS
Figure 4.31 SANS measurement acquired at 3 di↵erent pH
5, 7 and 8 and NaCl=0.2M for 1.5% wt of zwitterionic poly-
mer at 25 C. Data were acquired on D33 for (a) ZWT6kDa 2:1
and on SANS2d for ZWT11kDa 2:1 and ZWT20kDa 2:1. DLS
measurements for (b) ZWT6kDa 2:1, (d) ZWT11kDa 2:1 and
(d)ZWT20kDa 2:1 at the same concentration as for SANS mea-
surement. Measurements were acquired at 25 C
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Table 4.10 Parameters for the fitting of ZWT6kDa 2:1 and
ZWT11kDa 2:1 from figure 4.31a and 4.31c to a fuzzy sphere model
SMI6kDa 2:1 SMI11kDa 2:1
Mean Radius (A˚) 25±5 44±2
Interfac. Thick. (A˚) 5±3 10±3
Lorentz Length (A˚) 25±3 35±4
PDI 0.45±0.1 0.2±0.1
Table 4.11 Parameters for the fitting of ZWT6kDa 2:1 and from
figure 4.31e
SMI20kDa 1:1
R. (a) (A˚) 122±5
R. (b) (A˚) 17±3
Fitting parameters for SANS are reported in table 4.10 and 4.11.
Figure 4.31 shows how decreasing the pH causes the polymers to tend to aggre-
gate. This might be due to an overall neutralisation of the polymer around the
isoelectric point. Unfortunately, due to the low yield of the reaction, not enough
material was left to carry out a zeta potential measurement to check at which
pH the overall charge on the surface is zero. The SANS characterisation revealed
a di↵erent arrangement of this polymer in solution as well. The ZWT20kDa 2:1
behaved mostly in a similar manner as the commercial SMI, and the solution
structures could be fitted to a ellipsoid for all the pH values. On the other hand,
ZWT6kDa 2:1 and ZWT11kDa 2:1 fitted best to a hairy sphere structure. This
is reasonable due to the architecture of the starting copolymer: in fact both
SMARAFT 6 kDa and 11 kDa have a styrene tail that will not be reacted and will
tend to form the core of the structure. The fitting results reported, as expected
from an increased molecular weight, an increased size in the radius. The overall
size from SANS is comparable with the structure found from DLS of 12 ± 2, 20
± 2 and 15 ± 2 nm for ZWT20kDa 2:1 ZWT11kDa 2:1 or ZWT6kDa 2:1 respectively.
158 4.11 Concluding remarks and future work
4.11 Concluding remarks and future work
In this chapter three main points have been discussed. The synthesis and the
characterization SMARAFT of copolymers has been successfully carried out. As
expected from the literature , by using RAFT polymerization, well defined and
narrow molecular weight distribution polymers have been synthesised. These
synthesised polymers have been hydrolysed and used to make nanodiscs. Un-
like commercial copolymers, stabilised discs, in accordance with the literature
[152], increased in size with increasing molecular weight of the polymer used.
This behaviour highlights how crucial it is to have an improved control over the
copolymer architecture in order to tune the structures made. SMARAFT 6 kDa
copolymer was successfully used by our collaborators from the Biology Depart-
ment at the University of Birmingham to extract membrane protein with similar
e ciency to the commercial SMA.
Encouraged by the promising results obtained from SMARAFT copolymers, the
architecture of the copolymers was modified by adding an extra hydrophobic moi-
ety: para-methyl styrene. Even though the change was not dramatic in terms of
the structures formed, huge changes have been detected in the polymer behaviour.
DLS and surface tension were measured and showed the presence of aggregates
which led, in the presence of DMPC, to a supramolecular structure that still needs
to be clarified from a structural point of view. DLS measurements detected the
presence of small structures, unlike those found for the polymer alone, which was
confirmed by the transition from a cloudy solution of DMPC to a clear solution
when the polymer was mixed with DMPC. However, tests on protein extraction
with this polymer were unsuccessful suggesting that the increased hydrophobicity
is not a useful modification for this purpose.
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Last, but not least, zwitterionic copolymers have been successfully made showing
stable properties in a wide range of pH. Preliminary DLS analysis of the polymer
on its own shows promising features for this copolymer. Unfortunately, due to
the low yield of the polymerization and lack of time to prepare more material,
no further analysis requiring a high amount of polymer could be carried out. An
improved synthesis of this copolymer and further characterisation could poten-
tially lead to great advantage in the scientific community for membrane proteins






For many purposes, investigations of polymer interactions with phospholipids
have been carried out in the last decades. Techniques such as Atomic Force
Microscopy and fluorescence have been used [191]. Some experiments carried
out with charged polymers showed an interaction with a DMPC monolayer and
its disruption when the polymer was added to the solution [192]. In 1992 [193]
a study showed how pH responsive polyelectrolytes interact and disrupt lipid
vesicles when pH is changed.
Over the period of this project, interactions between phospholipids and di↵er-
ent copolymers have been investigated using several scattering techniques and
also fluorescence. Neutron or X-Ray sources were used to characterise the di↵u-
sion and the interaction of polymer with vesicles or Langmuir monolayers with
a high spatial resolution and penetration depth. Thanks to its fast response to
changes in the surrounding environment, fluorophore probes were used to detect
fast processes during lipid-polymer interactions and give information about the
mechanism. In the next paragraph an outline of general polymer-lipid interac-
tions will be given.
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5.0.1 Polymer-lipid structures
When a polymer species interacts with lipid membranes, the structure that is
formed in its final stage depends on the features of the structures at the be-
ginning such as charge, composition and size of both initial systems. For any
arrangement going on in solution, from the thermodynamic point of view, the
reduction in entropy of the polymer chain as it approaches the interface has to be
compensated by the energy of adsorption between the segments and the surface.
A key property for the final structure is the hydrophilic/hydrophobic ratio of the
polymer. As discussed in chapter 3, this ratio a↵ects the shape of the polymer in
solution due to the strength of inter and intramolecular interactions. These inter-
actions lead the polymer to interact more or less e↵ectively with the membrane
[5]. Several di↵erent structures have been reported in literature showing di↵erent
behaviours when this ratio was changed. “Mushroom” shapes were found when
a hydrophilic copolymer was added to a membrane [194] where the hydrophobic
part of the copolymer anchors into the membrane while the hydrophilic part of
the copolymers behave like a Gaussian coil. Pores can be made in the lipid mem-
brane upon polymer addition if the architecture of it allows this process. Pores
can be made in the lipid membrane upon polymer addition if the architecture of
it allows this process. Pore-making block copolymers are usually made of two or
more sequences of thermodynamically incompatible homopolymers. This leads
to a swelling of the copolymer into part of the membrane and a to a selective ex-
posure of the monomers to the surrounding environment. [195]. In the literature
examples are reported of pore formation for star copolymers or di- and tri-block
copolymers of PEO-PPO-PEO. Figure 5.1 reports an example of the most com-
mon interactions studied when di↵erent polymers are used, being either neutral
or charged [5]. The process that leads to the self assembly of polymer and lipids
is driven by both structures. A polyelectrolyte, which is charged interacts first
through electrostatic interactions on the surface of the lipid membrane which
lead to the formation of a polymeric corona on the surface of the liposome or
the membrane [196]. This first organisation causes a rearrangement of the lipids
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along the layer. It has already been shown in literature how a positively charged
polymer approaching a membrane can induce a flip flop of the lipids in the bilayer,
which results in a negatively charged layer of lipids in contact with the positively
charged polyelectrolyte (figure 5.1-b) [197]. The complexation of polymer with
the membrane can be so strong that it can lead to the disruption of the membrane
itself. Several structures, depending on the polymer and the membrane used have
been investigated. Block copolymers of PEO-PPO-PEO with a high hydrophobic
ratio showed disrupting behaviour, forming crew-cut structures [198]. In other
cases micelles were formed. In the last few decades the SMA copolymer has been
shown to cause membrane disruption, making nanodiscs.
Figure 5.1 Graphic showing the various kinds of interactions
of polymers with a phospholipid bilayer. Picture reprinted with
permission from [5]
Even though many experiments on polymer-lipid interactions have been carried
out, the basic mechanism of the self-assembling process is not yet clarified. Self as-
sembled vesicle structures made with polymers are now known as polymersomes.
A polymersome is an artificial vesicle made using synthetic block copolymers
[199]. However, even though this system is widely used for encapsulation of bi-
ological material, protein and drugs, SMALP and other polymer stabilised discs
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5.1 Characterisation of phospholipid-polymer interaction using
fluorescence
do not belong to this category since they do not make vesicles.
In the literature several experiments have previously been carried out to under-
stand how a polymer approaches the interface of lipid vesicles and how it disrupts
the membrane. In this chapter it will be shown how SMA polymer interacts with
DMPC artificial membrane using fluorescence (section 5.1.2, neutron reflectivity
(section 5.3.1) and SANS(section 5.2).
5.1 Characterisation of phospholipid-polymer in-
teraction using fluorescence
Fluorescence is a wide branch of chemistry where, in general, a species called a
fluorophore changes its emission spectrum when it is surrounded by a di↵erent
environment. This technique is commonly used because the signal to noise ratio
is high enough to carry out experiments at very low concentrations and because it
has a high resolution either for the spatial or temporal point of view. Last but not
least, fluorescence is a non-invasive technique. For all these reasons fluorescence
has been widely used in recent years because it allows in vivo detection and is
used for diagnosis and treatment of diseases [200]. A few examples are reported
in literature where fluorescence was used to study enzymes approaching a cell
membrane [201–203]. Even though synthetic polymers are not identical to an en-
zyme, a few general rules must be satisfied in order to follow an interaction using
fluorescence: when the di↵using species interacts with the membrane, the fluores-
cence properties of the probe, such as intensity, life time or emission wavelength,
must change. Two types of probes can be used to study the interaction:
• Intrinsic fluorescence: Membrane proteins contain fluorescent amino acids
such as tryptophan (Trp) and tyrosine (Tyr). Thanks to their sensitivity
to the surrounding environment, a change in the fluorescence properties
can be detected when a species interacts with the membrane where these
groups are intercalated. Using this approach, side e↵ects derived from the
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interaction of the membrane with external agents are minimised.
• Membrane potential-sensitive probes : due to lack of fluorescent amino acids,
intrinsic fluorescence is not always suitable to study the interaction of
species with the membrane. That is why probes have been used in the
last few decades to study for the interaction of species with the membrane.
For our purposes, in order to detect the interaction of the polymer with a suspen-
sion of phospholipids the second approach was used. The approach of the polymer
to the vesicle surface near the headgroups and the insertion of the styrene moi-
eties were investigate using fluorescein phosphatidylethanolamine (FPE) and 1 -
(3-sulphonatopropyl) - 4 - [  [2 - (di-n-octylamino)-6-naphthyl] vinyl]pyridinium
betaine (known as Di-8-ANEPPS) respectively (figure 5.2 on page 166). Those
two probes are extensively described in section 5.1.1 below. Since the fluorophore
attached is to a phospholipid molecule, this probe system is biocompatible and
non-invasive. The tagged lipid inserts into the membrane with no perturbation
of the membrane structure.
5.1.1 FPE and Di-8-ANEPPS: a tool to probe polymer-
vescicles interactions
Structures for FPE and Di-8-ANEPPS are reported in figure 5.2
In order to understand how FPE and Di-8-ANEPPS work, it is important to revise
how the potential is distributed along a phospholipid bilayer. Changes in this po-
tential play a key role in events such as cellular recognition and metabolism[204].
Figure 5.3 shows how the potential changes along the membrane.
The surface potential ( s) arises from the di↵erent kinds of lipid head groups
along the surface of the membrane. The polar head of a phospholipid can be
neutral (i.e. DMPC, DPPC), negatively charged (i.e.DMPG) or (i.e. DMPE).
Natural membranes, however, are most commonly made by zwitterionic or neg-
atively charged lipids, which leads to a negative surface potential that is estab-
lished to be around -30 mV. The membrane dipole potential, instead, arises from
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Figure 5.2 Structural formulas of (a) FPE and (b) di-8-
ANEPPS
Figure 5.3 Electrical potentials across a phospholipid mem-
brane where  s is the surface potential,  d is the dipole potential
and   is the transmembrane potential. Picture reprinted with
permission from [6]
dipole-dipole interactions among carbonyl group in the lipids. Dipolar groups are
considered to be spatially organised in a way that the internal hydrophobic region
has a positive potential of several hundred mV [205]. These two potentials are
not influenced by the same factors. This, in physical terms, means that changing
factors such as the ionic strength of the surrounding media, leads to a change in
the surface potential, but it does not a↵ect the dipole potential.
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FPE was first used to probe the pH changes in the inner and outer environment
of lipid vesicles [206]. It has been widely used in the biological community to
probe the binding of charged molecules onto the surface of lipid membranes.
This molecule consists of two regions. Like a phospholipid, FPE has a strongly
hydrophobic region which inserts into the phospholipid tail region of the bilayer
and a more hydrophilic one, made of fluorescein, which works as a tag. Given
this structure, when FPE is suspended within a vesicle solution, it inserts into the
outside layer of the vesicle with the hydrocarbon chains integrated into the lipid
tails, the phosphatidylethanolamine moiety mixed with the lipid headgroups and
the chromophore composed of a xanthene ring system placed on the outside of
the liposome. Fluorescein is well known to undergo a shift in the emission and
excitation spectra depending on its protonation state [207] which is a↵ected by the
electrostatic potential surrounding the xanthene ring system [203]. The behaviour
according to which the protonation/deprotonation of xanthene occurs has been
quantified using the Henderson-Hasselbalch equation, making a correction of the












where CF/CHF is the ratio of deprotonated and protonated molecules of fluores-
cein, pH is the pH of the bulk solution and pK (F s)/(RT ln 10) is the apparent
pK. From this equation it is clear how, at a constant pH of the bulk, the surface
potential a↵ects the protonated state of the fluorescein. The electrostatic po-
tential varies depending either on the electrolyte concentration or on the charge
of the binding molecule. Because of this dependence of the fluorescence spectra
on the electrolyte environment, during the experiments here a control was run
by adding CaCl2 to FPE solution instead of polymer. Because this increased the
positive charges in solution, a decrease in the magnitude of the negatively charged
potential is observed. Due to this change the apparent pK of the FPE changes,
leading to deprotonation of xanthene ring system and an increase in fluorescence
intensity. Those characteristics made FPE an incredibly sensitive probe for the
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studies of how molecules approach and bind to the cell membrane.
In order to monitor the dipole potential using Di-8-ANEPPS a ratiometric fluo-
rescence experiment using a fixed excitation wavelength was used carried out.
It has been reported in literature that Di-8-ANEPPS has the highest and lowest
variation in emission intensity at 460 and 520 nm respectively [201]. The same
study reported that the surface potential of the membrane does not interfere
with the dipole potential [201]. In this way an independent study of the polymer
binding and the intercalation of the polymer into the bilayer can be carried out.
This ratiometric potential method has been validated by many researchers [201,
208]. Here vesicles were tagged using both FPE and Di-8-ANEPPS (figure 5.2).
5.1.2 Titration and binding curve
For a typical experiment, a first scan of DMPC-FPE tagged vesicles is carried
out. Then, 0.1 mM polymer solution was added to 1.9 mL of FPE tagged vesicles.
The system was allowed to stabilise and the measurement was averaged over 100
sec. In order to check the correct insertion of the fluorescein of tagged lipid into
the lipid head leaflet had occurred, excitation and emission spectra of DMPC and
DMPC80DMPG20 FPE-labelled vesicles were acquired prior to the experiment.
CaCl2, TRIS bu↵er and SMA2000P were added to the labelled vesicle solutions.
Figure 5.6 shows how fluorescence changes during the addition of polymer.
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Figure 5.4 Emission (a, c, e) and Excitation (b, d, f) of FPE-
tagged vesicles made with DMPC before and after the addition
of polymer (first row), CaCal2 (second row) and TRIS bu↵er as a
control (third row). The excitation and emission spectra were ac-
quired with  exc = 420nm and  em = 520nm respectively. Mea-
surements were acquired at 25 C.
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Figure 5.5 Emission (a, c, e) and Excitation (b, d, f) of FPE-
tagged vesicles made with DMPC80DMPG20 before and after the
addition of polymer (first row), CaCal2 (second row) and TRIS
bu↵er as a control (third row). The emission and excitation spec-
tra were acquired with  exc = 420nm and  em = 520nm respec-
tively. Measurements were acquired at 25 C.
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The graphs in figures 5.4 and 5.5 report the excitation (a, c, e) and emission (b, d,
f) spectra in the left and right column respectively. Figure 5.4 reports the spec-
tra for DMPC tagged vesicles whereas figure 5.5 is related to DMPC80DMPG20
tagged vesicles. In both figures the blue curve shows the spectra of vesicles tagged
with FPE on their own. The spectra after the injection of polymer are reported
in the graphs by the red line.
A control measurements was carried out by adding to the tagged lipid vesicles
solution, the same volume of TRIS, containing no polymer or CaCl2to the tagged
lipid vesicle solution. The intensity of the emission, before and after the TRIS
addition, did not change (5.4-(e),(f) and 5.5-(e),(f)). This highlights that any
change seen in the other spectra is not due to dilution e↵ects, but is due to the
interaction of the polymer with the system. It is obvious comparing figure 5.4
and 5.5 that the lipid composition also a↵ects in the changes seen in the spectra.
In fact when a mixture of DMPC and DMPG is used, the decrease in intensity
is more pronounced. But, since FPE is greatly sensitive to the potential of the
surface, this e↵ect could be due to the negatively charged head group of DMPG.
When a negative charge is approaching the liposome surface where the FPE is
inserted, a negative change in fluorescence should be observed as explained in
paragraph 5.1.1.
Several optimisation experiments were carried out to obtain the best binding
curve. In fact, when using a highly concentrated solution of polymer (10 mM),
the first addition of the polymer was su cient to cause a decrease of the curve,
as expected, since the polymer carries a negative charge. But from the second
addition of polymer, giving a polymer concentration in solution of about 100 µM
the % fluorescence increases (rather than decreases) as shown in figure 5.6. This
unusual behaviour could be caused by the disruption of the vesicles when the
second aliquot of polymer is added to the solution. The di↵erent environment
around the fluoresceine could cause an unexpected response to the addition of
polymer in solution. Therefore a lower concentration of polymer was used. Bind-
ing curves for the experiment carried out by adding the lower concentration of 0.1
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Figure 5.6 E↵ect of addition of SMA2000P solution 10mM to
a solution of DMPC-FPE lebelled vesicles.
mM SMA2000P and SMARAFT at the lower concentration of 0.1 mM are shown
in figure 5.8
Figure 5.7 Titration binding curve for DMPC vesicles for dif-
ferent concentrations of added SMA: (left) from 0 to 500 mM and
(right) from 0 to 100 mM.
An unexpected behaviour was found for DMPC80DMPG20 vesicles when either
SMA2000P or SMARAFT was added to the solution. Even at the low polymer
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concentration, the fluorescence signal undergoes an enhancement. This unex-
pected behaviour has been reported in literature when erythtocyte membranes
were used. This membrane was labelled with FPE and then melittin and poly-L-
lysine were added to the solution. Due to the positive charge of those molecules,
an enhancement in the fluorescence signal is expected. However the opposite be-
haviour has been observed. In those membranes, where a high negative charge is
present, such as for DMPC80DMPG20 ,the high charge can lead to an unexpected
response of the FPE molecule. The enhancement of FPE when SMA 2000P or
SMARAFT is approaching could be due to a rearrangement of the lipids in the
liposome.
It is possible that the polymer makes hydrogen bonds with lipid head groups. In
fact at pH values lower than 8 the polymer is partially protonated, so able to
hydrogen bond with the lipids potentially reducing the apparent charge on the
membrane. Another explanation is that the negative polymer, approaching the
surface squeezes the DMPG head away from the FPE tag leading the FPE to
“experience” a more positive local environment.
The starting value for fluorescence was used to calculate the absolute % change.
Figure 5.8 Binding curves for SMA2000P and SMARAFT with
PC80PG20 (red and magenta respectively) and DMPC (green and
blue respectively) vesicles.
The fitted binding curves with relative fitted parameters for either commercial
SMA2000P or SMARAFT polymer with 100% DMPC and DMPC80DMPG20 phos-
pholipids are reported in table 5.1
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Table 5.1 Fitting parameters for binding curves relative
to the two membranes under investigation (DMPC100 and
DMPC80DMPG20) with SMARAFT and SMA2000P
Membrane Polymer Best fit R2 Bmax Kd h
DMPC100 SMA Sig. 0.97 -17.95 ± 2 0.48 ± 0.097 1.36 ± 0.2
DMPC80DMPG20 SMA Sig. 0.98 3.88 ± 0.3 0.45 ± 0.063 1.85 ± 0.4
DMPC100 RP Sig. 0.99 -16.56 ± 2 0.809 ± 0.2 1.30 ± 0.1
DMPC80DMPG20 RP Hyper. 0.98 8.19 ± 1 1.95 ± 0.5 -
Other than the binding of the polymer on the surface, the intercalation of the
polymer into the tail of the liposome was investigated using Di-8-ANEPPS. To
have reproducible and comparable results, the same concentration of polymer and
phospholipids were used for the titration carried out with Di-8-ANEPPS.
Figure 5.9 Di-8-ANEPPS titration curve of: (left) DMCP
vescicles adding SMA2000P 0.1 mM (blue dot), SMARAFT (red
dot) or Tris bu↵er pH=7.4 (black dot); (right) DMPC80DMPG20.
adding SMA2000P 0.1 mM (pink dot), SMARAFT (green dot) or
Tris bu↵er pH=7.4 (orange dot).
In the literature it has been reported that the insertion of a peptide such as p25,
a mitochondrial amphipathic sequence, decreases the dipole-dipole interaction
among the phospholipid tails causing a decrease in the fluorescence ratio . [201].
In that study, using this peptide, it was shown that a higher concentrations of
the peptide led to a higher decrease in the fluorescence ratio. The magnitude
of the interaction is proportional to either the concentration of the peptide or
to the membrane used, which a↵ects the initial value of the dipole potential.
However, when a DMPC liposome interacts with SMA, either the commercial or
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the SMARAFT , the magnitude of the changes in the fluorescence ratio is compa-
rable. The slightly smaller intercalation of the SMARAFT could be due to the
slower interaction also found during other experiments (see SANS data in sec-
tion 5.1.3; in this case the values used for the average were potentially not at
the equilibrium state, and the polymer was not fully inserted in the membrane.
A substantial di↵erence can be highlighted between the left and right hand side
of figure 5.9 which reports interactions with DMPC and DMPC80DMPG20 li-
posomes respectively. Even though it has been reported that di↵erences in the
membrane used can lead to a di↵erence in the magnitude of the dipole potential
[202, 205], the headgroups of DMPC and DMPG are not dramatically di↵erent
to explain such a di↵erent e↵ect in the magnitude of the signal as shown in figure
5.9. Nonetheless the di↵erence in magnitude, when the polymer inserts into the
membrane is much lower for the commercial SMA when the membrane is made
of DMPC80DMPG20. This can be explained by the di↵erent architecture of the
copolymer in solution. Even though the molecular weight and ratio of styrene
to maleic acid of both polymers are similar, a substantial di↵erence arises in the
conformation of the polymer in solution. As discussed in chapter 4, SMARAFT
copolymers have well defined alternating blocks of styrene and maleic acid fol-
lowed by a styrene tail. This localises the negative charge of the maleic acid
just on the alternating block of the polymer. The electrostatic repulsion of the
styrene tail is much lower than the alternating block, and allows styrene tail block
to penetrate better into the DMPC80DMPG20 membrane. On the other hand,
SMA2000P has a random distribution of styrene and maleic acid, with the only
restriction that two maleic acid monomers can not be next to each other. This
polymer was shown to have a random coil distribution [84] which allows a faster
interaction with zwitterionic membranes such as DMPC, but leads to a higher
and more spread out electrostatic repulsion of DMPG negatively charged head
groups along the whole structure of the copolymer. SMARAFT polymer then is
much more e↵ective when the membrane to be disrupted has a negative charge
on it. This is also shown by subsequent studies reported here where DLS was
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Figure 5.10 DLS titration carried out with DMPC liposomes
using either SMA2000P or SMARAFT .
Figure 5.11 DLS titration carried out with DMPC80DMPG20
liposomes using either SMA2000P or SMARAFT .
used to follow the size of structures during titration of either DMPC or vesicles
using the same concentration of polymer used for the fluorescence experiment.
(figure 5.10 and 5.11)
The DLS measurements show how SMA2000P and copolymer interact in two
di↵erent ways with the vesicles. In fact when SMA2000P is used the vesicles
swell, suggesting that the polymer is approaching the membrane, as shown from
by the FPE titration, and then, at a concentration equal to 3 µM breaks the
vesicles apart, for both DMPC and DMPC80DMPG20,and makes small structures
with size around 10 nm. In the case of the SMARAFT copolymer, vesicles do not
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increase in size, until just before the polymer disrupts the liposome. For both
DMPC and DMPC80DMPG20 vesicles, a higher concentration of SMARAFT is
needed in order to break the vesicles. In the case of DMPC vesicles, the RAFT
co-polymer did not reach the concentration for which the transition from vesicles
to nanodiscs occurs. It is possible to note how a lower concentration of polymer is
needed when DMPC80DMPG20 is used. This is probably due the destabilisation
of the membrane due to repulsive electrostatic forces between the lipids and the
polymer, both negatively charged. The SMA2000P destabilises the membrane
more due to its randomly distributed negative charge. Therefore it breaks the
DMPC80DMPG20 membrane at a lower concentration compared to SMARAFT .
5.1.3 Stopped - flow experiments
In order to detect the early stages of the self assembly process and the polymer-
lipid interaction, stopped flow experiments were carried out using either fluores-
cence or small angle neutron scattering.
5.1.4 Stopped-flow experiments - fluorescence detection
Di↵erent concentrations of polymer were made up for a stopped flow fluores-
cence experiment. The final concentrations of polymer in solution were 0.3 µM,
0.75 µM, 1.25 µM and 100 µM. The first 3 concentrations are in the range that
was used to measure the binding curves reported above for both DMPC and
DMPC80DMPG20vesicles. For this experiment the same volume of polymer, at
double the final concentration (0.6, 1.5, 2.5 and 200µM) and FPE labelled lipo-
somes (0.4µM) were injected (0.4mL). The experiment was followed between 0
and 0.2 seconds (1000 points) and between 0.2 and 20 sec (1000 points). 8 repeats
for each experiment were run. Data from this experiment are reported below in
figure 5.12.
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Figure 5.12 Stopped flow experiments carried out for DMPC
and for DMPC80DMPG20 when SMARAFT or SMA2000P is
added to the solution at di↵erent concentrations. 0.3 µM (red),
0.75 µM (green), 1.25 µM (violet) and 100 µM (orange). A con-
trol was run using TRIS bu↵er (blue). Data was collected at
25 C.
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The top graph shows the full scale so that the 100 µM can be compared with the
other data sets for DMPC vesicles. The middle graphs show the data for lower
concentrations on an expanded scale to highlight the changes in fluorescence
signal at lower polymer concentrations. Figure 5.12 shows on the top row the
di↵erent results for SMARAFT and SMA2000P as the polymer interacts with the
vesicles. For SMA2000P two decays are highlighted, whereas for SMARAFT the
di↵erence in percentage of fluorescence from the initial signal is smoother and
looks to decay with one exponential law. This di↵erence agrees with the di↵erent
Kd found for the two di↵erent polymers values of which are reported in table 5.1
Due to the massive di↵erence in the behaviour when the high concentration poly-
mer solution was added to the DMPC FPE-labelled vesicles, figure 5.13 and 5.14
reports the stopped flow patterns acquired for DMPC and DMPC80DMPG20were
repeated in the same way as the experiment shown in figure 5.12.
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Figure 5.13 Stopped flow expriment using DMPC FPE-laelled
vesicles added with SMA2000P 1 mM. Data was collected at 25
 C. The top graph shows the data for several repeats over a 20
s time period, while the scale on the bottom graph highlights
the shorter time measurements which cannot be seen on the top
graph due to the x-axis scale used.
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Figure 5.14 Stopped flow expriment using DMPC80DMPG20
FPE-laelled vesicles added with SMA2000P 1 mM. Data was col-
lected at 25  C. The top graph shows the data for several repeats
over a 20 s time period, while the scale on the bottom graph
highlights the shorter time measurements which cannot be seen
on the top graph due to the x-axis scale used.
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5.2 Characterisation of phospholipid-polymer in-
teractions using SANS
In this section the interaction of either the commercial copolymer or SMARAFT
with lipid vesicles will be shown. The transition from DMPC vesicles to discs
was followed for SMI1000, SMI2000, SMA2000P and SMARAFT .
In order to understand the interaction of the polymer with lipid vesicles from a
structural point of view, several stopped flow experiments were carried out using
SANS. Experiments were performed either on D33 beamline, at the ILL and on
SANS2d beamline, at ISIS. Both exeperimental set up have been discussed in
section 2.6.3. In order to understand the reactivity of the polymer with vesicles
when nanodiscs are formed, the same concentration of lipids and polymer nor-
mally used to prepare discs was used. Vesicles, in this case, were made according
to the procedure reported in [209]. As a standard procedure 50 mg of DMPC was
suspended in chloroform in a round bottom flask. Chloroform was removed using
a rotary evaporator. This process makes a film on the wall of the round bottom
flask. This DMPC film was then suspended in 10 mL of bu↵er. The solution was
mixed using a vortex and sonicated for 5 min until the solution turned translu-
cent. This solution was then filtered using a 100 nm cut o↵ filter. The initial
SANS pattern of the vesicles was fitted using a three shell hollow sphere model
corresponding to lipid headgroups and tails, described in section 2.6.3 (figure
5.15)
Fitted parameters from figure 5.15 are reported in table 5.2. The SLD of the lipid
heads was calculated with 0.57 % of hydration and held at 4x10  6 A˚ 2 during
the fitting. The SLD of the lipid tails was held at 7.2 x10  6 A˚ 2. The thickness
of both tails and head were fixed at 28 and 8 A˚ respectively and held during the
fitting. The core radius of the vesicle and the polydispersity in the radius were
allowed to change. The fitting is reported up to q=0.01. The lower q range was
not fitted and the scattering in this range arises probably from bigger vesicles
in the solution. The little bump around q=0.7 A˚ 1 is likely to be due to the
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Figure 5.15 SANS scattering pattern taken on D33 at ILL.
The graph shows experimental data (black dots) and the best fit
(red line). Data was collected at 25 C
presence of few multilamellar vesicles in the solution. In general the radius found
from this fitting between 60 and 70 A˚ is in agreement with the sizes expected
from the filter size used to extrude vesicles.
Polymer solution was added with a volume of 1:1 to the vesicle solution. The
final concentration of vesicles and the polymer was kept at the same concentration
normally used to make nanodiscs (5mg/mL of DMPC and 1.5 %wt of polymer).
For commercial copolymers (SMI1000, SMI2000 and SMA2000P) the process was
completed in few seconds. In order to measure a slower process the reaction was
carried out at room temperature ( 25 C, fast process) and at low temperature
(5 C, slower process) below the Tg of DMPC.
When fitting these data a model of the sum of the scattering from the vesicles and
the discs was used. Due to the high amount of parameters, the SLD for the lipid
heads and tails and the tail thickness were kept at 4x10 6 A˚ 2, -0.4x10 6 A˚ 2and
28 A˚ respectively. Since the system described was not pure, an approximation
was used for the model used to describe nanodiscs. Instead of using a model for
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Table 5.2 Parameters for a three shell hollow sphere model
used to fit SANS data for h-DMPC vesicles in d-PBS solution at
25 Cbefore addition of polymer
Parameters Values
Scale 0.01
Core Radius(A˚) 60 ± 5
Core PDI (sig/ave) 0.3 ± 0.1
Core SLD (A˚ 2) 6.3x10 6
Head Thick(A˚) 8
Head SLD (A˚ 2) 4x10 6
Tail Thick(A˚) 28
Tail SLD (A˚ 2) -0.41x10 6
Solv. SLD (A˚ 2) 6.3x10 6
Bckg (cm 1) 0.001
a polydisperse core shell bicelle, a simple core shell cylinder was used to describe
nanodiscs. This is a good approximation since the polymer has a SLD comparable
with the phospholipid head (1.96x10 6 A˚ 2 and 1.89x10 6 A˚ 2 respectively). The
SLD of the shell was calculated for hydrated polymer and lipid head group and
fixed at 3.3x10 6 A˚ 2which is the average of the SLD for the hydrated head and
polymer rim. Where possible only the ratio of vesicles to nanodiscs were changed,
such as for vesicles mixed with SMI2000 at 25 C. However the mechanism seems
to change when the temperature is dropped to 5 C.
In the first 400 ms for high temperature and the first 2 sec for the lower tempera-
ture, the scattering patterns were not fitted very well by using a combined vesicle
and disc model. This time period is similar to the short time period seen in the
fluorescence experiments described above, after a high concentration of polymer
is added to the vesicles. Figures 5.13 and 5.14 highlight that the trend in the
fluorescence signals at short times are distinctly di↵erent to the decreasing trend
measured at longer times
Within this short time, the system is likely to be a mixture of free polymer in so-
lution, vesicles and intermediate structures between vesicles and nanodiscs. The
fitting shown was therefore done by increasing the polydispersity of the vesi-
cles. As is shown however in figure 5.17c and figure 5.16c, the ratio of vesicles
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(a) SMI2000 at 5 C (b) SMI2000at 25 C
(c) ratio vesiclesnanodiscs
Figure 5.16 SANS patterns acquired on D33 using a stopped
flow set up for SMI2000 (1.5% wt) and DMPC vesicles (0.5% wt)
at (a) 5 Cand (b) 25 C. (c) the vesicles to nanodiscs ratio found
from the fitting. The black dots show the first pattern acquired
and its best fit (red line), whereas the red dots show the last
pattern acquired and its best fit (black line).
to nanodiscs is initially much higher when the reaction is carried out in a cold
environment. When the environment is at 5 C , a slower reaction occurs. The
polymer will take more time to disrupt the vesicle double layer which will result
in an higher ratio of vesicles to nanodiscs. Moreover, this behaviour is highlighted
in the intensity at I0: the intensities for the first couple of patterns are higher on
the intercept showing an higher amount of vesicles in solution. In figure 5.16b
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the ratio of vesicles to nanodiscs is unexpected because it shows a higher amount
of nanodiscs in the respect to the vesicles, which could be due to the fact that the
fitting does not describe the system properly as discussed just above for the early
stages of the process. The fitting at high q does not follow the experimental curve.
This behaviour is likely to be due to free polymer in solution (small molecules
will be highlighted at high q). Nonetheless using this approximation, a coher-
ent behaviour was highlighted for kinetics observed using SMI1000, SMI2000 and
SMA2000P for both temperatures (5 and 25 C). Patterns for these experiments
are reported in figures 5.16, 5.17 and 5.18
At 5 C the diameter of the vesicles decreases with time. When the experiment is
run at 25 C, even though the size of the vesicles was fitted, they did not change
during the period measured unlike the experiment run at 5 for SMI1000, which
showed shrinkage in size for the vesicles.
However, a di↵erent behaviour was observed for SMA2000P. Below is reported
the stopped flow experiment carried out for SMA2000P and h-DMPCves. In
the case of SMA2000P, vesicles size does not change. Instead, the radius of the
nanodiscs changes from about the size of the vesicles (radius found from the fitting
is 45A˚at 5 C) to a smaller radius, which is closer to values found in literature
for SMA2000P stabilised discs (25A˚) [84]. The size of the nanodiscs changes for
both 5 and 25 C. However, when temperature is reduced, the slower interactions
highlights formation of bigger structures at shorter time (i.e. structure at 45A˚are
not highlighted when the experiment is run at 25 C). As it is shown in the inset
in figure 5.18c, for both temperature the core shell cylinder component of the
fitting decreases with time to a constant radius.
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(a) SMI1000 at 5 C (b) SMI1000at 25
 C
(c) ratio vesiclesnanodiscs
Figure 5.17 SANS patterns acquired on D33 using a stopped
flow set up. 3%wt SMI1000 was mixed with 10 mg/mL h-DMPC
vesicles. In graphs (a) and (b) the black dots show the first pat-
tern acquired and its best fit (red line), whereas the red dot shows
the last pattern acquired and its best fit (black line). (c) shows
the ratio of vesicles to nanodiscs at 5 C(red dots) and 25 C(black
dots). The inset in graph (c) shows how the size of the vesicles
change over time at 5 C.
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(a) SMA2000P at 5 C (b) SMA2000P at 25 C
(c) ratio vesiclesnanodiscs
Figure 5.18 SANS patterns acquired on D33 using a stopped
flow set up. 3%wt SMA2000P was mixed with 10 mg/mL DMPC
vesicles at (a) 5 C and (b) 25 C. In graphs (a) and (b) the black
dots show the first pattern acquired and its best fit (red line),
whereas the red dot shows the last pattern acquired and its best fit
(black line). ). Graph (c) shows the ratio of vesicles to nanodiscs
at 25 (red dot) and 5 (black dot). The inset in graph (c) shows
how the core radius of the nanodiscs change over time. The top
axis is the time scale for data taken at 25 Cwhile the bottom axis
is the time scale for data taken at 5 C.
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During this study it was found that the SMARAFT polymer takes a long time to
equilibrate, so a slow mixing experiment could be carried out. No stopped flow set
up was used, but curves obtained returned similar results to the commercial SMA
copolymer, just on a longer time scale. Figure 5.19a and 5.19b show scattering
from the SMARAFT polymers at two molecular weights (6 and 11KDa) when they
are added to h-DMPC.
Even with a crude fitting it is obvious that SMARAFT and commercial copolymer
interact with the vesicles in a di↵erent way. Looking at the high q region, for
instance, the pattern when the RAFT polymer is used does not change. So
the bilayer thickness does not change during the vesicle to disc transformation.
What changed in the case of the SMARAFT is the amount of vesicles, seen in the
scattering at low Q. This behaviour agrees with the DLS results shown in section
5.1.2. When the DLS was performed using SMARAFT , vesicles did not increase
in size.
The commercial copolymer, which has accessible hydrophobic styrene units, is
likely to first interact with the surface of the vesicles and then disrupt the vesicles
before making large flat cylinders by cutting the vesicle initially into large slabs
of membrane with sizes close to that of the vesicles themselves. In the case
of the SMARAFT the co-polymer has a much higher hydrophobicity, which will
lead the polymer to remain in polymer micelle aggregates and not interact with
the surface up to a certain concentration. As is shown particularly in figure
5.11 (DLS measurements carried out with DMPC80DMPG20 vesicles), the size
of vesicles increased just before the membrane is disrupted, whereas before this
the size of the vesicles is kept constant around 100 nm. This allowed the SANS
data fitting for the SMARAFT case to be carried out just by adjusting the ratio
of vesicles to nanodiscs with no change in the size of the nanodisc component.
For the first pattern, however, the core radius and shell thickness of the core
shell cylinder was allowed to fit. Initial guesses for nanodisc size were obtained
from the fitting reported in chapter 4, from discs made with di↵erent polymer
molecular weights.
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(a) SMARAFT 6 KDa at 25 C (b) SMARAFT 11 KDa at 25 C
(c) ratio vesiclesnanodiscs for SMARAFT (6 &
11KDa)
Figure 5.19 SANS patterns acquired on SANS2d for (a)
SMARAFT 6KDa and (b) 11 KDa (1.5 % wt final concentration)
and DMPC vesicles (5 mg/mL final concentration) at 25 C. (c)
reports the vesicles to nanodiscs ratio found from the fitting. The
black dots show the ratio for SMARAFT 6KDa, whereas the circles
show the ratio of nanodiscs to vesicles for SMARAFT 11KDa. No
change was found in the nanodisc size during these experiments.
The core of the cylinder fitted here returned a bigger core radius for the inner
cylinder of the core shell model for structures made using the 11 kDa SMARAFT
copolymer Larger discs sizes have already been shown in chapter 4 for higher
molecular weight polymers. The size of the radius of the core shell cylinder
was found to be 43 and 54 A˚ for 6 and 11 kDa SMARAFT respectively. The
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Figure 5.20 Comparison between scattering patterns arising
from SMARAFT 6KDa mixed with d-DMPC vesicles after 6 hours
(circles) and with nanodiscs made using the same SMARAFT
6KDa copolymers after purification (triangles).
last pattern from the polymer-vesicles experiment was compared to the purified
sample made with the same polymer measured on the same beamline during
the same experiment. The two patterns from the 6kDa SMARAFT copolymer
are reported in figure 5.20 and demonstrate the complete conversion of vesicles
into nanodiscs in this system. Unfortunately the same comparison could not be
carried out for 11kDa SMARAFT . However the fitting shows that the ratio of
vesicles to nanodiscs it is really low (figure 5.19c).
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5.3 Di↵usion, interaction and penetration of the
polymer at the liquid-air interface, a reflec-
tivity study.
Polymer phospholipid interactions were also followed using either neutron or X-
Ray reflectivity. In fact, even though the fluorescence experiments explained in
section 5.1.2 were useful to understand how the polymer approaches the mem-
brane, they could not return any structural information on how the polymer is
inserting. On the other hand, SANS data from either stopped flow or the slow
mixing experiments returned a better understanding from the mechanistic point
of view, but the complexity of the system made the fitting di cult and led to
various approximations. The great advantage of using neutron reflectivity is that
it is possible to simplify the vesicle down to a lipid monolayer with the purpose
to understand the really early stages of the process. Understanding this first ap-
proach will lead to a better understanding of the whole nanodiscs self assembly
process. Only SMA was used for the kinetic experiments since deuterated poly-
mer was required for this experiment. Both SMA and SMI were studied for the
stati experiment.
For this purpose the structure of a lipid monolayer at the air-water interface was
probed as either SMA or SMI, were injected into the subphase.
A 6kDa SMARAFT polymer was made in Bath as discussed in chapter 4. Since
deuterated styrene is relatively cheap and commercially available, a deuterated
co-polymer was synthesised for a neutron reflectivity experiment on Figaro, a
reflectometer at the ILL. Using deuterated polymer on air-contrast-matched water
with either deuterated or hydrogenated lipids enabled the rapid accumulation of
polymer at the air-solution interface to be followed with time, for di↵erent lipid
monolayer compositions. As discussed in the following sections 5.3.1 and 5.3.2,
both kinetic and structural information were obtained from this experiment.
A surface pressure sensor was used to initially set the area per molecule in the
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lipid monolayer and then monitored during the reaction. The trough used for the
experiment had a volume of 40 mL; a constant volume of PBS (pH=8, 50mM,
0.2M in NaCl) was added to it, in order to know the final concentration of the
polymer injected in solution. The surface was properly cleaned and monitored
with a pressure sensor to ensure an uncontaminated surface. The cleaning process
removes an undefined volume from the trough. For this reason a laser was used
to check its height and to adjust the volume of the trough as follows. 40 mL of
PBS solution were added to the trough, the height of the solution was checked
using the laser. After cleaning the surface, PBS was added outside the barrier
until the laser display showed the same height as for the initial volume. PBS
was added to the trough on the outside of the barrier where lipids were spread
to avoid any contamination of the cleaned surface. A schematic representation of
the set up is reported in figure 5.21.
Figure 5.21 Schematic of the experimental set up used for the
neutron reflectivity experiment on Figaro.
Once the trough was cleaned and filled with a well known amount of bu↵er, a
monolayer of either DMPC or a mixture of DMPC80DMPG20 was spread on the
surface in a compressed state (about 25 mN/m), from a 0.5mg/mL solution of
phospholipid solubilised in chloroform. The subphase used was PBS Air Contrast
Matched Water (ACMW), 50 mM, NaCl 0.2 M which is the standard bu↵er in
chapter 4 and was used for the previous SMA experiments in this chapter. The
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Figure 5.22 Isotherm of DMPC80DMPG20 monolayer before,
during and after d-SMARAFT 6KDa injection at final subphase
concentration of 0.01% wt.
spread monolayer was monitored at a pressure of 25 mN/m by controlling barriers
to ensure the pressure was constant.
The polymer was injected into the subphase using a syringe with a bent needle,
which was inserted between the barrier and the bottom of the trough. The
spreading process took about 1.5 min and closing the hutch took about 1.5 min.
The kinetics of the process was therefore acquired always with a delay time of
about 180 sec. After the polymer was injected in the subphase, its concentration
in solution at the final stage was either 0.1%wt or 0.01% wt. The di↵usion of the
polymer to the air-solution interface was followed with a pressure sensor while
the neutron reflectivity experiment was run. The fact that the polymer goes
to the interface results in a increased surface pressure at the interface in the
experimental data. Figure 5.22 reports a typical surface tension variation for a
d/d-DMPC80DMPG20 monolayer as SMA polymer di↵uses into the monolayer.
In order to have structural information from the same system, static experi-
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ments were run before and after the polymer injection. Several contrasts of lipid
monolayers and subphase were run. Compositions used for those experiments are
reported in table 5.3.
Table 5.3 Summary of composition used for the experiment
run on Figaro using deuterated SMARAFT 6KDa co-polymer at
final subphase concentration of 0.01% wt. The experiment was
carried out at 25 Cfor one repeat.
Lipids composition Subphase Initial Pressure (mN/m) Final Pressure
h-DMPC ACMW 28.2 35.9
d-DMPC ACMW 24.8 30.4
d-DMPC d-PBS 22.7 25.2
h/h-DMPC80DMPG20 ACMW 25.8 28.5
d/d-DMPC80DMPG20 ACMW 27.3 30.6
d/d-DMPC80DMPG20 d-PBS 24.9 27.6
5.3.1 Neutron reflectivity study - kinetic information
The most common problem for a neutron reflectivity experiment is its slow acqui-
sition of data which requires at least 40 min. This disadvantage means that NR
is not normally used for kinetic experiments. Instead an analysis at low-Q angle
was carried out to determine how the composition of the monolayer changed over
time after the polymer was injected.
As explained in section 2.5, the momentum transfer is related to the incident





The resolution of a set of data is given by the instrument and it is a convolution













From a physical point of view, equation 5.3 shows that in the case of low resolution
in either the incident angle or for a polychromatic beam, the uncertainty in the
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momentum transfer does not allow a well defined reconstruction of the layer at
the interface. On the other hand, reducing the tight control over the wavelength
(reducing the number of choppers used) leads to a higher flux of neutrons in the
incoming beam. The improved statistics due to the higher flux makes it possible
to probe the concentration of deuterated compounds at the ACMW-air interface.






where  ais the surface excess, d is the thickness of the layer, NA is the Avogadro’s
number, ba is the scattering length.
It has been shown [210] that for a high flux of neutrons and low Qz values the
surface excess becomes independent from structural information such as d.
Therefore, at low angles the structural information is minimised and the count of
neutrons arriving at the detector is directly related to the SLD of the interface.
To fit the data, the following simultaneous equations were solved:
SLDint = SLDd lipxd lip + SLDd polxd pol + SLDsubxsub (5.5)
SLDint = SLDh lipxh lip + SLDd polxd pol + SLDsubxsub (5.6)
Using equation 5.5 and 5.6 reported above with the 2 contrasts used for the ex-
periment (deuterated and hydrogenated lipids on ACMW), the absorbed amount
of the polymer at the interface can be calculated. Using ACMW, the contribution
to the SLDint from the subphase can be neglected. Two di↵erent polymer con-
centrations were used (0.1 and 0.01%wt) when a DMPC monolayer was spread
on the surface. When the higher concentration is used, however, the interaction
of the polymer with lipids is too fast and it was not possible to follow it from
the early stages. For this reason the following experiments with DMPC and with
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DMPC80DMPG20 monolayer were carried out using a lower SMA concentration.
Figure 5.23 shows the surface concentration of the deuterated polymer upon in-










Figure 5.23 (a) Values of surface concentration against time for
deuterated SMARAFT polymer di↵using into a DMPC monolayer.
(b) Ratio of DMPC concentration at the interface over polymer
concentration for a final solution concentration of the polymer of
0.01%wt (dots) and 0.1%wt (circles).
The same experiment was carried out at 0.01%wt of final concentration of polymer
with DMPC80DMPG20 monolayers. Figure 5.24 shows the lipid loss and polymer
accumulation at the interface calculated from neutron reflectivity data.
The extent of the interaction of the polymer with zwitterionic and charged lipids
is di↵erent. In fact when the steady state is reached, the amount of polymer at
the interface is higher when the interface is not charged.
As was shown by the fluorescence experiment, the di↵erent ratio in the surface
excess at the interface, is probably due to a di↵erent interaction when charged
lipid is present. In fact, as shown in table 5.4 the ratio of lipid to polymer at the
interface is higher for DMPG than for DMPC (5 and 3 respectively).
Table 5.1 shows that in order to fit the SMARAFT binding curve for DMPC or
DMPC80DMPG20 vesicles in the fluorescence measurements, two di↵erent models
had to be used. Even though is not clear from literature what precise mechanism
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Figure 5.24 Surface concentration values against time report-
ing the di↵usion of d-SMARAFT to the interface causing lipid loss
from (a) DMPC80DMPG20 and (b) DMPC monolayer at a final
concentration of the polymer in the subphase of 0.01% wt.
Table 5.4 Ratio of lipid to polymer composition found for ki-
netics experiment data collected on Figaro for di↵erent lipid com-
positions and di↵erent final concentration of the polymer in the
subphase
Monolayer [d-SMARAFT ] lipid/polymer
DMPC 0.1% wt 3
DMPC 0.01% wt 3
DMPC80DMPG20 0.01% wt 5
implies sigmoidal or hyperbolic fitting for the binding curve, it is certain that
two di↵erent mechanism of interaction are occurring. To try to determine where
the polymer is located in the membrane and to explain the di↵erent mechanisms,
static structures of the lipid monolayers were also measured.
5.3.2 SMA - lipid monolayers: static structures
Before and after the kinetic experiments reported in section 5.3.1 the equilibrium
structures formed by the polymer and lipid systems at the liquid-air interface
were probed using neutron reflectivity. The structures of nanodiscs formed from
SMARAFT co-polymer have been discussed in chapter 4, but these measurements
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probe the structures which may transiently exist during disc formation.
DMPC monolayers
First, the phospholipid monolayer alone was characterised with neutron reflec-
tivity and was analysed using two di↵erent model discussed in section 2.6.4. NR
patterns and results from the fitting are reported in figure 5.25 and table 5.5
respectively.
(a) DMPC monolayer RasCAL (b) MOTOFIT
Figure 5.25 NR profiles for DMPC monolayer at 25mN before
the polymer injection and fitting (line through dots) done using
(a) RasCAL and (b)MOTOFIT
Table 5.5 Fitting parameters for the DMPC monolayer, done
using RasCAL and MOTOFIT
RasCAL Motofit
Subphase rough. (A˚) 2±0.26
Layer 1
Tail Thick. 13.77±1
APM 50± 1 SLD tail(x10 6A˚ 2) -0.4/7.2
Tail rough. (A˚) 2±0.1 Roughness (A˚) 4.4±1
Waters per head 1.9±0.3 Water (%) 0
Tail tilt (degree) 22.4±0.3
Layer 2
Head Thick. (A˚) 8
Tail hydration (%) 2.1±0.1 SLD head(x10 6A˚ 2) 1.98
Roughness (A˚) 4.6±1
Water (%) 44.7
Values for this fitting agreed with those reported in literature for both models
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used [211]. The advantage to use both RasCAL and MOTOFIT arises from the
di↵erent parameters used to fit the reflectivity pattern. Due to the complexity of
the system, having 2 comparable results from two di↵erent fitting for one identical
system reinforces the knowledge of the initial status of the monolayer used. Data
from this fitting will be used later to fit the polymer adsorption.
During the injection of polymer underneath the monolayer, polymer di↵usion to
the interface was checked with a surface pressure sensor. For all the measurements
carried out, the surface pressure reaches a plateau after about 20min (5.22). This
is likely to be the time needed for the polymer to di↵use to the interface in
these dilute solutions. Di↵usion of the polymer to the interface was studied
using three contrasts, all of them were used to obtain final structure of the lipid-
polymer monolayers to determine the equilibrium structures. Compositions used
are reported in table 5.3. The reflectivity pattern for the DMPC monolayer after
the injection of the polymer was fitted using both RasCAL or MOTOFIT (figure
5.26). Fittings reported using RasCAL software were performed by Dr. Stephen
Roser. In both case similar behaviour is found. The approaches used by these two
di↵erent methods are a bit di↵erent and are described in section 2.6.4. RasCal is
software that allows fitting of the data after the polymer injection as a sum over
the SLD of the pre-existing fit. MOTOFIT, instead, is a software that uses an
optical matrix formalism to analyse data such that it was not possible to add an
independent SLD profile distribution for the polymer on the top of the 2 initial
layers to describe the polymer insertion and the intercalation of the polymer into
the phospholipid monolayer. Therefore, to model the penetration of the polymer
in MOTOFIT the SLD for the lipid head region and for the tail region was allowed
to change.
At a first glance, NR patterns after the polymer injection (figure 5.26) does not
have a pronounced di↵erence in shape from the monolayer on its own (figure 5.25
).
However a large increase in the intensity at low Q is detectable looking at the
pattern from h-DMPC on ACMW before and after the polymer injection, going
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(a) DMPC after polymer injection (Ras-
CAL)
(b) DMPC after polymer injection
(MOTOFIT)
Figure 5.26 Neutron reflectivity patterns acquired on Figaro
(ILL) for DMPCmonolayers after polymer injection for 3 di↵erent
contrasts: h DMPC on ACMW in green, d-DMPC on ACMW in
red and h-DMPC on d-PBS in black. Fitting was performed using
(a) RasCAL and (b) MOTOFIT
from 1x10 3 to 1x10 4 A˚ 2 respectively. This change is not surprising since the
contrast arising from an h-DMPC monolayer on ACMW is very low because every
component in the system contains hydrogen. The injected polymer, which di↵uses
to the interface, is made of maleic acid and deuterated styrene, which is likely to
go into the tails region of the monolayer given its high hydrophobicity, increasing
the contrast of the layer at the interface. For the fitting as many parameters as
possible were held. The first thing changed was the SLD for tails after the polymer
injection keeping the scale constant. Assuming that the polymer absorbing will
into the tail region, the tail thickness was allowed to vary. The thickness of the
headgroup region was also held but the SLD of this region allowed to vary. A
slight increase in this value was detected
Fitting parameters after the polymer was injected are reported in table 5.6
As expected from the di↵erences noted in the NR pattern of h-DMPC on ACMW,
values for the SLD of the tails increased from -0.4x10 6 A˚ 2 for pure monolayer
to 0.45x10 6 A˚ 2 after the polymer injection.
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Table 5.6 Fitting parameters for NR patterns reported in figure







APM 51 ±1 Thick. Tails (A˚) 16.0±1
tail rough (A˚) 5±2 Water % 0
Water per heads 0.6±0.1 Tail Rough. (A˚) 3.7±2





Head Rough. (A˚) 3.0 Head Thick (A˚) 8±2
d-SMARAFT\tails 9.6x10 6 Water % 8±4
d-SMARAFT\heads 9.8x10 12 Head Rough (A˚) 5.7±2
subphase d 20.0 Back Rough (A˚) 6.4 ±1
subphase nb 2.8x10 3
subphase rough. 3±1
Assuming the change of the SLD is a linear combination of the SLD of the polymer
and the tails, the penetration of the polymer into the monolayer can be calculated
as reported in equation 5.7:
SLDlayer = SLDlipxlip + SLDpolxpol (5.7)
where SLDlayer is the value for the fitted SLD, SLDlip is the SLD of pure tails
or head and SLDpol is the SLD of the d-SMARAFT . xlip and xpol is the molar
fraction of tails/ head of lipids and polymer respectively. For an initial DMPC
monolayer the penetration of the polymer into the lipid tail is 12% which is close
to the value for the penetration of the polymer into the core reported in chapter
4 and in other work [84].
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DMPC80DMPG20 monolayer
As for the DMPC monolayer, DMPC80DMPG20 solution was spread at the liquid
air interface and analysed before and after the polymer injection. In order to
fit the NR pattern after the polymer injection, as for the DMPC monolayer,
two layers were used. Unfortunately this did not return a good fitting with
reasonable values. The fitting for the DMPC80DMPG20 monolayer before and
after the polymer with two layers model is reported in figure 5.27
(a) Before d-SMARAFT injection (b) After d-SMARAFT injection
Figure 5.27 NR patterns acquired for DMPC80DMPG20
monoalyer (a) before and (b) after the polymer injection. Sev-
eral contrasts were run: h-DMPC80DMPG20 on ACMW (green),
d-DMPC80DMPG20 on d-PBS (red) and d-DMPC80DMPG20 on
ACMW (black)
The green curve does not fit well and, moreover, the contrast d-DMPC80DMPG20
on d-PBS shows a smooth fringe at high Q (between 0.15 and 0.25 A˚ 2. In order
to obtain this fitting reported in figure 5.27 the SLD of the lipid tails was in-
creased from -0.4 to 0.9 x10 6 A˚ 2. This value is higher than that found for the
DMPC monolayer. This is unrealistic for two main reasons: SMARAFT is neg-
atively charged, like the DMPG head group. Previous studies investigated the
insertion of SMA copolymer into a lipid monolayer. The commercial copolymer,
like SMARAFT , shows a lower increase in the surface pressure, compared to zwitte-
rionic lipid monolayers, when negativelly charged lipids are used [212]. Moreover,
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Figure 5.28 NR patterns for DMPC80DMPG20 monolayers af-
ter d-SMARAFT injection. The fitting shown arises from a 3 layer
model whose paramters are reported in table 5.7
the intercalation of polymer measured using Di-8-ANEPPS in the earlier section
showed that less polymer was inserted into the liposome leaflet compared to mea-
surements undertaken with DMPC liposomes. Furthermore, the surface pressure
increased was lower for DMPC80DMPG20 monolayer, which is a signal of less
polymer going to the interface. Thus, in order to fit the NR pattern, a third layer
was added to the subphase, and fitted as a mixture of polymer and water. The
SLD of this polymer was calculated to be 3.8x10 6 A˚ 2 and it was held during
the fitting. Figure 5.28 shows the fitting for the NR patterns. Values for the
fitting are reported in table 5.7
When the polymer is injected underneath a deuterated monolayer, the SLD does
not change significantly since the SLD of the deuterated styrene and the deuter-
ated tails is comparable. The SLD of the headgroup region changes only slightly
as well. Similar to the combination of deuterated styrene with deuterated tails,
the SLD of maleic acid is not too far from the SLD of the headgroups of the
5.3 Di↵usion, interaction and penetration of the polymer at the
liquid-air interface, a reflectivity study. 205
Table 5.7 Fittning parameters for DMPC80DMPG20 mono-




SLD tails (h/d) (x10 6) -0.4/7.2 (⇤) 0.14/7.1 ±0.1
Tails Thick. (A˚) 14.0±1 14±1
Tails Rough. (A˚) 3±1 5±1
H2O % 0 (⇤) 0
Layer 2
SLD Head (x10 6) 2.3±0.2 2.4±0.2
Head Thick. (A˚) 8 (⇤) 8
Head Rough. (A˚) 3±1 2±1
H2O % 38±3 32±3
Layer 3
SLD pol (x10 6) 3.5
Pol. Thick. (A˚) 1.7 ±1
Pol. Rough (A˚) 5.0±1
H2O % 58±3
phospholipid, being 1.98x10 6 A˚ 2 and 1.89x10 6 A˚ 2 for the maleic acid and
head group respectively. The SLD profile agrees with a model that has maleic
acid in addition to the phospholipid head and water in the headgroup region and
the styrene in the hydrophobic layer with the phospholipid tails, in addition to a
polymer-water layer below the lipid monolayer in the case of the DMPC80DMPG20
monolayer. SLD profiles before and after the polymer injection for both mono-
layer are reported in figure 5.29a and 5.29b
Fitting carried out with RasCAL allows an independent SLD profile for the poly-
mer to be added to the SLD profile of the initial layer to be made. This allows
a plot of the SLD profile for the polymer along the interface to be made. Figure
5.30a shows that, depending on the composition of the monolayer at the inter-
face, the polymer behaviour changes. In fact when the polymer di↵uses into a
DMPC monolayer, which is neutral, it can penetrate into the tail region and al-
most none is found at the subphase interface. When instead it has to overcome
a negative electrostatic potential to di↵use into the tail region in the case of the
mixed DMPC80DMPG20 monolayer, the polymer is more di↵usely arranged all
along the interface. Figure 5.30a reports this behaviour.
Fitting for DMPC and DMPC80DMPG20 monolayers were carried out using two
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(a) (b)
Figure 5.29 SLD profiles for (a) DMPC and (b)
DMPC80DMPG20 before (solid line) and after (dotted line)
d-SMARAFT injection at 0.01 % wt in the subphase.
di↵erent models, which both returned the same conclusion. The absence of poly-
mer in the subphase detected using RasCAL, was observed in MOTOFIT as a
2 layer model. Fixing then the thickness of heads and phospholipids tails, the
SLD of those was varied to model the penetration of the polymer. In the case of
DMPC80DMPG20 mixtures 3 layers were used to describe the intercalated poly-
mer in the monolayer and the polymer left in the subphase
5.3.3 SMI - lipid interactions: an XRR study
X-Ray reflectivity studies have also been carried out for SMI2000 in a similar
manner to the static NR experiments above. The fringe in the monolayer data
moves to lower Q after polymer injection. This shows an increased thickness of
the layer at the interface. After polymer injection, a preliminary fitting has been
done using the values for SLD and thickness for DMPC used in previous sections.
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(a)
(b)
Figure 5.30 (a)SLD profile of the polymer against the
distance from the interface for DMPC (solid line) and
DMPC80DMPG20 (dotted line) calculated by fitting using Ras-
CAL and (b) schematic representations of the modelmodels for
(left) DMPC80DMPG20 and (right) DMPC with adsorbed SMA.
The fitting after the polymer injection was done allowing the water content in the
head and the thickness of the subphase to vary. Data could be fitted as shown
in figure 5.31 by decreasing the hydration of the headgroup layer and increasing
the roughness of the subphase interface. Even though it can be speculated that
poly(styrene-co-maleimide) interacts with the lipid monolayer in a similar manner
to the way that commercial SMA does, a more in depth analysis must be carried
out before drawing conclusions.
208
5.3 Di↵usion, interaction and penetration of the polymer at the
liquid-air interface, a reflectivity study.
(a) (b)
(c) (d)
Figure 5.31 XRR patterns for DMPC monolayer spread on
ABS pH=5, [NaCl]=0.2M before (black circle) and after (red
circle) the polymer injection. Best fit is shown as dashed line
through experimental points before (black) and after (red) the
polymer injection. Polymer was injected at 1.5% wt. Measure-
ments were carried out at 25 C
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5.4 Concluding remarks
In this chapter it has been shown how the disc forming polymers interact with
di↵erent lipid structures. It has been found that the conformation of the polymer
a↵ects the interaction as much as the composition of the starting membrane does.
In fact the commercial copolymer, with a random structure interacts in di↵erent
way compared to SMARAFT . The mechanism of the interaction changes as well
when the same polymer is used with a di↵erent lipid composition.
Fluorescence experiments have shown that the penetration of the commercial
copolymer into the membrane is more e↵ective when it interacts with a zwitte-
rionic membrane whereas it decreases in the presence of DMPG lipids. This is
probably due to the electrostatic repulsion that the polymer experiences when it
approaches. The localised negative charge of the SMARAFT instead allows the
polymer to have an higher penetration into the lipid layer. The lower penetration
of the polymer into a negatively charged monolayer has also been assessed in this
chapter as in the literature [212] where experiments with a Langmuir trough have
shown that less SMA polymer goes to the interface when it interacts with a neg-
ative monolayer. Due to the di↵erent mechanism observed for SMA2000P and
SMARAFT during the fluorescence work, for future work it would be interesting to
make a random deuterated copolymer similar to the commercial SMA and study
the interaction of this with DMPC or DMPC80DMPG20 using reflectivity. This
might help to probe the reason for the di↵erence observed in the interactions
Even though only preliminary studies have been carried out for commercial SMI,
XRR shows the interaction of the polymer with the monolayer, while the stopped
flow SANS experiment suggested that this polymer behaves similarly to commer-
cial SMA when interacting with vesicles. An improved synthesis of this copolymer
in the university laboratory would be ideal to make a deuterated SMI, similar to
what have been done with SMARAFT .
Even though the self-assembly process is not completely clear yet, a step further
has been made in characterising some of the interactions.
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Chapter 6
Conclusion and future works
In this project three main areas were investigated in the nanodisc field.
In first instance, a few commercial copolymers (SMI1000, SMI2000 and SMI3000)
were used to successfully form nanodiscs. Thanks to the basic amine group at
the end of the propyl chain, these copolymers are soluble at low pH. This was
an achievement since SMA fails in its functionalities at pH lower than 7. It was
evaluated that these copolymers make stable nanodiscs-like structures at di↵er-
ent range of pH and salt concentrations. The promising achievement obtained in
this project from the use of these copolymers is their stability in the presence of
divalent cations. SMA polymers, instead, make complexes and precipitate out of
the solution in the presence, for instance, of CaCl2. Moreover, SMI copolymers
have been successfully used by our collaborator in Birmingham to extract mem-
brane proteins. Compared to the commercial SMA copolymers, the e ciency of
the extraction is lower when it is performed with SMI copolymers. However the
extraction was performed at pH=7, a pH at which, as shown in chapter 3, SMA
structures are not stable.
The second part of this project was the development of new copolymers capa-
ble of tuning the size and the properties of the discs. Several molecular weights
of polymers were synthesised and tested with lipids to make aggregates. DLS
measurements showed the formation of small structures around the expected disc
size, with SANS indicating successful formation of nanodisc-shaped structures.
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The size of these structures has a linear dependence on the molecular weight
of the polymer. Even though this feature has been already reported in litera-
ture by Craig an co workers [152], small angle scattering experiments performed
on these samples, made the structural resolution possible. Arising from results
from scattering data, it was possible to check the rearrangement of the polymer
around the lipid core over time. With the purpose to stabilise further the lipid
core, a poly(styrene-co-para-methylstyrene-co-maleic anhydride) was synthesised.
Results for this novel copolymer were unfortunately not helpful in preparing nan-
odiscs. However, these experiments highlighted the delicate balance in soft matter
self-assembly. Further investigations on the failure of these copolymers in making
discs, could help to make progress in explaining the driving force for the self as-
sembly process of nanodiscs. Zwitterionic copolymers have also been synthesised
with the purpose to make stable structures at di↵erent pH. This copolymer have
an invaluable potential. The development of these copolymers can potentially
lead to an universal platform for membrane protein extraction, stable over a wide
range of pH. However, an improvement must be carried out to the synthesis of
these copolymers, increasing the yield of functionalized material.
In the last part of this project, an investigation on the kinetics of the polymer-
lipids self assembly was been carried out. Fluorescence and reflectivity data were
collected to investigate the di↵usion and the penetration of the polymer at the
interface with a liposome (fluorescence) or with a lipid monolayer (reflectivity).
Both techniques showed that the di↵usion of the polymer and the interaction
with lipids changes depending on the lipids used. Changes in the structure were
followed by stopped flow experiments using the same concentration of lipids, but
using commercial and SMARAFT copolymers. The mechanism, even though it is
not completely clear, showed that the random commercial copolymer interacted
with a di↵erent mechanism compared to SMARAFT . Many Much progresses
have been done made since SMALP entered the scientific community in 2009.
Due to the versatility and biocompatible nature of this platform, there are many
potential fields in the future to be investigated.
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As mantioned above, the use of SMA or SMI is limited to their pH stability range.
A controlled synthesis of zwitterionic copolymers could lead the development of a
universal platform stable in the presence of divalent cations and in a wide range
of pH.
The straightforward functionlisation of poly(styrene-co-maleic anhydride) gives
rise to the possibility to prepare potential bioimaging nanodiscs labelled with a
dyie or a fluorescent probe. Fluorescently labelled nanodiscs have already been
shown in literature for intracellular imaging of Hela cells [213]. Furthermore, the
chemical a nity of Gd+3 with lipids allows the development of multifunctional
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(a) SMI1000, NaBr (b) SMI2000, NaBr
(c) SMI1000, CaCl2 (d) SMI2000, CaCl2
Figure A.1 SAXS patterns acquired on (a)SMI1000and
(b)SMI2000at 1.5%wt in ABS (pH=5, 50mM) with di↵erent salt
concentration. Several salts were used: NaCl (red dot), NaBr
(green square) and CaCl2 (blue triangle).
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Figure A.2 Scattering pattern from ILL (circle and triangle)
and from i22 (full circle). The dotted red line shows the fitting
with an SLD for the head of 1.1x10 5 A˚ 2.
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(a) (b)
(c)
Figure A.3 SAXS patterns acquired for nanodiscs not puri-
fied made with SMI1000at 1.5%wt in ABS (pH=5, 50mM) with
di↵erent salt concentration and lipid concentration.
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(a) (b)
(c)
Figure A.4 SAXS patterns acquired for nanodiscs not puri-
fied made with SMI2000at 1.5%wt in ABS (pH=5, 50mM) with
di↵erent salt concentration and DMPC concentration.
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